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SUMMARY 


This  report  Is  written  as  &  fulfillment  of  contract  DA44-177  \MC-68(T),  which 
pertains  to  &  cargo  restraint  system. 

The  purpose  of  the  report  was  to  Investigate  the  restraint  requirements  for  Army 
cargo  In  Army  aircraft  and  to  present  realistic  criteria  for  cargo  restraint  sys¬ 
tems  with  the  formulation  of  feasible  restraint  concepts.  This  was  accomplished 
In  the  following  manner: 

1.  By  defining  the  restraint  problems  that  exist  In  methods  presently  adapted 
to  restraining  cargo. 

2.  By  formulating  design  criteria  consisting  of  a  crash  pulse  duration 
envelope,  design  cargo  weights,  and  design  considerations. 

3.  By  conducting  a  dynamic  analysis  relating  the  orash  pulse  criterion  to 
restraint  system  deflection. 

4.  By  formulating  applicable  load  limiting  type  energy  absorber  concepts. 

5.  By  comparing  the  Army  cargo  restraint  methods  as  presently  employed, 
the  same  existing  methods  applied  In  a  correct  manner,  and  the  proposed 
restraint  system  properly  applied. 

The  existing  restraint  methods  are  found  to  be  Insufficient  In  light  of  the  dis¬ 
crepancy  now  apparent  between  statlo  and  dynamic  orashpulse  criteria. 

It  is  determined  that  a  strap  device  Incorporating  a  load  limiting  type  of  energy 
absorber  can  be  economically  adapted  to  restrain  cargo  in  Army  aircraft 
correctly.  The  preferred  type  of  energy  absorber  utilizes  the  self-storing,  wire- 
bending  principle. 
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INTRODUCTION 


This  report  Is  an  Investigation  of  the  restraint  problems  and  solutions  for  Army 
cargo  In  Army  aircraft. 

An  Initial  study  was  Inaugurated  by  All  American  Engineering  Company  (AAE) 
in  1963  to  determine  design  concepts  predicated  on  static  load  criteria  as  applied 
to  air- transported  and  air-dropped  cargo  presently  being  restrained  In  Army 
aircraft.  As  a  result  of  the  existing  static  load  criteria,  the  design  concepts  that 
could  be  formulated  are  Impractical  when  the  factors  of  weight,  cost,  and  system 
effectiveness  are  considered.  An  effort  In  1964  by  the  Government,  through 
Aviation  Safety  Engineering  Research  (AvSER)  of  the  Flight  Safety  Foundation 
(FSF),  resulted  In  a  dynamic  puls '/-duration- envelope  criterion  for  forward 
restraint  of  cargo  In  fixed-wing  airci  aft.  A  comprehensive  study  was  then  under¬ 
taken  by  AAE  to  determine  the  effects  of  the  Government-supplied  pulse  envelope 
and  the  suggested  material  and  design  techniques  on  the  design  criteria. 

The  problems  that  exist  In  the  methods  presently  used  to  restrain  cargo  In 
military  airplanes  are: 

1.  Restraint  Methods  Defined  by  Aircraft  Manuals:  The  aircraft  manuals 
give  an  Incorrect  Impression  of  the  proper  way  to  restrain  cargo.  It  Is  ex¬ 
plained  that  tie-down  devices  that  lead  over  the  cargo  and  in  the  forward  and  aft 
directions  will  provide  full  restraint  in  the  vertical,  aft,  and  forward  directions. 
An  analysis  shows  that  little  or  no  restraint  is  afforded  in  the  forward  and  aft 
directions,  with  double  strength  In  the  vertical  direction. 

2.  Forward  Restraint  Dlreotlon:  Under  landing  and  takeoff  crashes,  the 
forward  restraint  direction  is  pertinent  to  affording  full  crew  protection. 

3.  Improper  Forward  Restraint  Resulting  from  Existing  Load  Factor 
Criteria:  A  dynamic  analysis  was  undertaken  which  relates  tne  crash  pulse 
criteria  and  spring  rate  of  the  existing  tie-down  devices  to  restraint  deflection. 
It  was  found  that  an  equivalent  39-g  static  load  factor  for  forward  restraint  Is 
representative  of  the  dynamic  response  of  the  cargo  restraint  system.  There¬ 
fore,  the  Imposed  load  Is  five  times  the  static  load  factor  utilized  as  existing 
Army  criterion.  For  explanation  of  "equivalent  static  load",  see  page  25. 

4.  Elasticity  Problems:  Basic  fundamental  principles  are  disregarded 
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when  chains  and  webbing  devices  are  mixed  or  when  variant  length  devices  for 
restraint  in  one  direction  are  used.  The  mixing  of  different  material  devices 
results  In  an  uneven  load  In  the  devices  because  of  their  elasticity  properties. 
For  straps  of  the  same  material  but  of  different  lengths,  the  capacity  of  the 
smaller  length  straps  will  be  realized  first.  The  problem  Is  compounded  when 
chains  and  straps  of  different  lengths  are  used. 

5.  Optimum  Loading  Conditions:  Ideal  loading  Is  to  have  a  minimum 
number  of  restraint  devices  in  relation  to  the  cargo  weight.  The  cargo  would 
have  to  have  built-in  tie-down  attachments  and  would  have  to  be  sized  to  permit 
optimum  proportioning  of  the  restraint  vectors  In  the  three  directions  of  loading. 
Most  Army  cargoes  capable  of  being  restrained  In  Army  aircraft  do  not  meet 
these  requirements. 

6.  Partial  Utilization  of  Cargo  Compartment:  Investigation  of  the  types 
of  cargo  transported  by  Army  aircraft  Indicates  that  most  cargoes  are  of  rel¬ 
atively  high  density.  Therefore,  the  cargo  weight  limit  Is  reached  with  relatively 
low  cargo  compartment  volume  utilization.  The  densest  cargo  results  In  low 
cargo  volume  utilization  and  In  relatively  large  aircraft  floor  space  coverage. 

7.  Restraint  Devices:  The  number  of  devices  required  to  restrain  cargo 
depends  upon  the  shape,  size,  and  weight  of  the  cargo.  Cargo  shape  determines  the 
availability  for  direct  tie-down  from  cargo  to  floor  fittings.  Size  of  cargo  de¬ 
termines  the  number  of  available  fittings  to  be  utilized  with  tie-down  devices,  and 
restraining  of  heavy  weight  cargo  requires  a  multiplicity  of  restraint  devices. 
Also,  the  forward  restraint  direction  requires  a  larger  proportion  of  devices 
than  do  the  other  restraint  directions. 

8.  Tie-Down  Fittings:  Tie-down  fittings  available  for  restraint  depend 
upon  the  type  and  size  of  cargo  and  upon  whether  the  cargo  is  air-transported  or 
air-dropped.  Pallet-type  cargo,  roller  conveyors,  and  package-type  cargo,  by 
covering  up  the  floor  fittings,  reduce  the  number  of  existing  floor  tie-down  fit¬ 
tings  available  for  restraint. 

9.  Cargo  Tie-Down  and  Release  Time:  The  time  to  rig  and  derlg  cargo 
depends  on  the  size  and  shape  of  cargo  being  restrained.  Crawling  under  vehicles 
to  tie  to  axles,  being  able  to  move  around  cargo  to  get  to  floor  fittings,  passing 
straps  around  cargo  for  restraining  purposes,  and  attaching  two  devices  to  make 
a  longer  device  are  problems  that  become  time  consuming  when  an  excessive 
number  of  devices  are  required  for  correct  restraint. 

Design  criteria  are  presented  which  Include  a  pulse-duration  envelope,  design 
cargo  weights,  and  design  considerations.  The  pulse-duration  envelope,  which  is 
predicated  on  fixed-wing  crash  test  data,  Is  defined  as  an  equilateral  triangular 
shaped  curve  with  a  maximum  peak  Intensity  of  25  g's  and  a  duration  of  0.25 
second.  This  criterion  Is  considered  pertinent  to  the  longitudinal  axis  in  the 
forward  direction  of  fixed-wing  aircraft.  It  is  assumed  that  the  existing  orash 
static  load  factors  utilized  In  restraining  cargo  In  Army  aircraft  Is  considered 
to  be  prevalent  for  restraint  In  the  other  aircraft  axes.  The  section  "Design 
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Cargo  Weights"  presents  plausible  assumptions  warranted  to  design  a  cargo 
restraint  system,  while  the  section  "Design  Considerations"  comprises  design 
objectives  formulated  from  the  previous  investigation  of  the  problems  inherent 
in  existing  restraint  methods. 

A  dynamic  analysis  was  undertaken,  predicated  upon  a  maximum  energy  restraint 
concept  and  the  pulse-duration-envelope  criterion,  which  results  in  the  restraint 
system  deflection.  The  maximum  energy  restraint  concept  is  basically  a  constant 
load  device  capable*  of  dissipating  energy  by  constant  loading  over  a  2  foot 
stroke.  An  equivalent  static  load  factor  corresponding  to  the  dynamic  response 
of  the  cargo  restraint  system,  for  forward  restraint,  was  attained  at  15  g's. 

Two  types  of  energy  absorbers,  which  act  as  constant  load  devloes  or  load  lim¬ 
iters,  are  presented  with  the  purpose  of  properly  restraining  cargo  in  Army  cargo 
airplanes.  They  are  self-storing,  wire-bending  energy  absorbers  and  tube-ball 
energy  absorbers.  The  wire-bending  energy  absorber  conoept  is  preferred  for 
compactness,  Irrespective  of  stroke  requirements.  From  Government-supplied 
exploratory  data  portlnent  to  counterflexlng  load  limiters,  an  analytical/ experi¬ 
mental  program  wts  undertaken  which  resulted  in  the  design  and  development  of 
the  self-storing,  wire-bending  concept.  See  the  section  "Design  Concepts".  For 
cargo  restraint,  these  concepts  are  formulated  into  a  strap  device  with  energy 
absorbers,  with  or  without  pulleys.  The  energy  absorbers  are  joined  to  a  Dacron 
webbing  device  which  is  of  high  strength  and  low  elongation.  When  utilised,  the 
pulley  is  placed  between  the  strap  devloe  and  energy  absorbers  to  provide 
double-strength  capacity. 

For  fixed-wing  aircraft,  a  design  stroke  of  2  to  3  feet  is  required  to  restrain 
cargo  properly  with  the  use  of  constant  load  energy  absorbers.  However,  the 
Government  has  requested  that  the  stroke  be  attenuated  to  8  inches  for  the  devel¬ 
opment  of  the  self-storing,  wire-bending  energy  absorbers  to  be  utilized  in 
rotary-wing  aircraft.  The  testing  phase  of  these  devices  in  prototype  form  can 
be  found  in  Appendix  I.  The  report  is  mainly  concerned  with  the  larger  design 
stroke  and  its  application  to  fixed-wing  aircraft. 

A  comparison  is  made  of  the  following  Army  cargo  restraint  methods:  those  as 
presently  employed;  the  same  existing  methods  applied  in  a  correct  manner;  and 
the  proposed  strap  devloe  with  energy  absorbers  and  pulleys  concept  correctly 
restrained.  The  factors  of  technical  feasibility  and  operational  feasibility  are 
considered  and  evaluated  on  f  common  basis.  It  is  recognized  that  the  proposed 
design  concept  can  be  installed  economically  as  part  of  the  existing  restraint 
system.  It  was  found  that  the  existing  Army  methods  permit  insufficient  restraint 
for  the  considered  cargo  weights.  The  existing  method  with  correct  restraint  was 
limited  in  its  payload  capabilities,  while  the  strap  device  with  energy  absorbers 
and  pulleys  provides  total  forward  load  protection  to  the  aircraft  crew  even  when 
the  aircraft  is  loaded  to  its  full  cargo  capacity. 

A  study  of  model  and  full-scale  dynamic  testing  was  conducted  to  conform  to  the 
triangular  acceleration  pulse  envelope  criterion  of  25  g's  and  a  time  duration  of 
0.25  seoond.  See  Appendix  IV. 
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For  model  testing,  It  was  found  neoessary  to  determine  by  dynamic  analysis  an 
"equivalent"  square  pulse  curve  that  will  simulate  the  design  pulse  orlterion.  In 
addition,  a  dimensionless  analysis  was  undertaken  to  obtain  dynamlo  similarity 
for  the  soaled  test. 

The  model  test  methods  considered  were  of  momentum  exchange,  while  the 
full-scale  test  studies  considered  both  momentum  exchange  and  arrestment  types. 
Gf  all  the  methods  studied,  the  deformed  tube-type  shock  struts  denelerator  (see 
Appendix  IV)  utilized  for  model  testing  appears  to  be  the  most  adaptable  method 
available  for  the  general  requirements. 

An  Itemized  oost  estimate  of  testing  a  cargo  restraint  system  Is  available; 
basically,  It  lnoludes  test  preparation,  test  operations,  and  documentation. 

The  Investigation  oovered  by  this  report  spans  the  period  1  July  1963  through 
8  February  1966. 
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DEFINITION  OF  RESTRAINT  PROBLEMS 


The  purpose  here  Is  to  define  the  problems  that  exist  In  the  methods  presently 
adapted  to  restraining  cargo  In  both  rotary-  and  fixed-wing  airplanes. 

RESTRAINT  METHODS  DEFINED  BY  AIRCRAFT  MANUALS 


The  aircraft  technical  manuals,  as  utilized  by  the  pertinent  Army  personnel, 
Indicate  falsely  the  proper  method  of  restraining  cargo.  An  illustrative  example 
is  excerpted  from  the  handbook  for  the  CH-34  (TM-55-1520-202-10,  Chapter  4) 
and  Is  depicted  In  Figure  1  below. 


This  A-1A  1,250-pound  tie-down 
devloe  will  provide  1,250  pounds  of 
restraint  In  the  forward,  vertloal 
and  aft  directions. 


This  A-1A  1,250-pound  tie-down 
device  will  provide  1,250  pounds  of 
restraint  In  the  lateral  and  vertloal 
directions. 


Eaoh  A-1A  cargo  tie-down  device 
will  provide  1,250  pounds  of  forward 
restraint 


Figure  1.  Example  of  Restraint  Methods  Defined  by  Alroraft  Manual 

Notice  that  the  top  two  diagrams  give  full  strength  credit  to  a  tie-down  device  In 
three  directions  (forward,  aft,  and  vertical  for  one  strap;  lateral  and  vertloal  for 
the  other  strap)  when,  In  fact,  the  following  analysis  will  show  that,  with  the 
exception  of  the  presence  of  the  tie-down  ring  In  the  way  of  the  box,  there  Is  no 
forward,  aft,  or  lateral  restraint.  For  vertloal  restraint,  there  Is  double 
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strength  from  eaoh  strap.  Below  L'  shown  a  package  (solid  lines)  with  a  1,260- 
pound  force  In  the  direction  as  indicated  by  the  arrow.  Assume  that  the  tie¬ 
down  ring  is  below  the  box,  as  may  be  realized  when  the  o&rgo  is  placed  on  an 
air-drop  roller  oonvtyor  system. 


Figure  2.  Package  With  1,250-Pound  Force 

When  the  load  is  applied  to  the  box,  it  is  obvious  that  there  is  very  little  restraint 
available,  and  the  box  will  shift  as  shown  by  the  dashed  lines.  For  a  small  amount 
of  shifting,  the  forces  on  the  package  (shown  below)  are  reacted  at  three  corners 
by  the  straps  and  the  overturning  moment  at  the  bottom  of  the  package.  Also 
shown  is  a  free  body  of  the  tie-down  device. 


1,250  lb 


Figure  3.  Free  Body  of  Box  Figure  4.  Free  Body  of  Tie-Down  Device 

The  angles  ■©■  and  NK  made  between  the  devloeo  and  the  box  are  of  different 
magnitude.  Angle  -e-  is  much  smaller  than  vt'  and  can  be  assumed  to  be  prao- 
tloally  equal  to  zero  degrees  for  small  shifting  of  oargo.  Therefore,  the  vector 
forces  at  the  two  upper  corners  oan  be  assumed  to  be  equal  in  magnitude  and 
direction.  The  two  horizontal  forces  from  these  vectors  are  opposite  in  direction 
and  oanoel  each  other.  The  two  vertical  foroes  are  of  the  same  magnitude,  since 
the  vectors  are  at  45-degree  angles,  and  the  foroes  do  not  oanoel  but  act  in  the 
same  direction.  By  summing  all  the  horizontal  foroes  on  the  package,  the  hor¬ 
izontal  vector  at  the  left  bottom  oorner  is  equal  to  1,250  pounds.  If  a  free  body 
of  the  strap  at  the  lower  oorner  (see  Figure  5)  is  considered,  it  is  easy  to  see 
that  the  strap  tension  is  greater  than  the  restraint  foroe  of  1,250  pounds.  1 a 
order  for  the  foroes  to  try  to  balance,  the  paokage  will  have  to  shift  a  large 
amount,  so  that  the  angle  ■©■  will  be  large  enough  to  change  the  magnitude  of  the 
vector  at  that  oorner  a  sufficient  amount  The  foroes  on  the  paokage  arc*  then 
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>1,250  lb  (strap  tension) 


1,2501b 


1,250  lb 
>1,250  lb 


Figure  5.  Forces  at  Left  Lower  Corner  of  Tie-Down  Devioe 


Figure  6. 


Sl  H2  - 


Free  Body  of  Package  With  Applied  Forces 


as  shown  in  Figure  6.  The  problem  Is  then  redundant  and  there  are  many  vari¬ 
ables  that  have  to  be  taken  into  account,  such  as  the  angles  the  devices  make  with 
the  box  and  the  package  dimensions.  In  order  for  the  package  to  shift  a  great 
amount,  the  device  would  have  to  be  of  a  material  with  a  larger  percentage  of 
elongation,  such  as  a  nylon-type  webbing.  Chain  would  be  ineffective,  as  it  would 
fail.  If  a  large  amount  of  shifting  would  occur,  than  probable  crushing  of  the  box 
would  result  and,  because  of  the  variables  Involved,  there  may  still  be  failure 
of  the  strap.  In  the  above  discussion,  friction  was  neglected,  as  it  is  felt  to  be  of 
a  small  magnitude.  There  will  still  be  some  measure  of  restraint,  but  far  below 
that  of  the  full  strength  of  the  device. 


The  third  illustration  in  Figure  1  is  reproduced  only  to  show  a  repetition  of  the 
principle  stated  in  the  other  two.  Here,  forward  restraint  is  claimed  for  two 
straps  which  actually  lead  forward  of  the  cargo  and  thereby,  in  actuality,  pro¬ 
vide  no  restraint  whatsoever.  Again,  the  strap  which  leads  around  the  package 
is  given  only  half  the  credit  it  is  due,  since  it  is  in  a  position  to  provide  twice 
its  strength  in  restraint. 


It  is  obvious  from  the  above  that  the  manuals  give  a  false  impression  of  the 
proper  way  to  restrain  cargo. 


FORWARD  RESTRAINT  DIRECTION 


The  forward  restraint  direction  is  vulnerable  to  large  acceleration  forces  as  a 
result  of  fixed-wing  aircraft  takeoff  and  landing  crashes.  Definitive  evidence  of  the 
high  acceleration  forces  is  the  result  of  air  transport  crash  tests  conducted  by 
AvSER. 
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During  a  orash  event,  a  pulse  Is  Imparted  to  the  aircraft  floor  while  the  air¬ 
plane's  speed  Is  decreasing.  The  cargo,  unlike  the  aircraft,  tends  to  keep  its 
momentum,  and  consequently  the  oargo  pulse  is  dependent  on  the  restraint  sys¬ 
tem.  It  is  then  evident  that  the  forward  restraint  direction  is  of  prime  concern  In 
affording  full  orew  protection.  Other  restraint  directions  are  not  considered  to 
be  slgnif  leant  for  crew  protection,  but  restraints  are  necessary  in  order  to  react 
inflight  loads. 

IMPROPER  FORWARD  RESTRAINT  RESULTING  FROM  EXISTING  LOAD  FAC¬ 
TOR  CRITERIA.  " 

A  major  fault  with  the  existing  Army  restraint  system  is  associated  with  the 
existing  forward  restraint  load  factor  criterion.  This  criterion  1b  predicted 
upon  a  static  g  Intensity  which  is  not  pertinent  to  restraining  cargo  In  Army 
aircraft  correctly. 

The  oargo  restraint  system  has  to  be  capable  of  reacting  dynamic  loads  which 
are  results  of  acceleration  pulses  Imparted  to  the  aircraft  under  landing  and 
takeoff  crash  conditions.  Therefore,  it  is  recognized  that  restraint  deflection 
plays  an  important  role  in  defining  an  affordable  restraint  system. 

The  following  dynamic  analysis  will  show  the  inadequacy  of  the  existing  Army 
criteria  to  restrain  oargo  correctly  in  the  forward  restraint  direction.  To  sim¬ 
plify  the  analysis,  the  following  assumptions  are  warranted: 

1.  The  restraint  devloes  react  as  a  linear  spring. 

2.  Friction  forces  are  neglected  between  oargo  and  aircraft  floor  (as  exist 
when  utilizing  roller  conveyors). 

3.  Restraint  pre-tensioning  is  neglected  (in  existing  Army  restraint  methods, 
pre- tensioning  loads  are  small  in  percentage  of  restraint  breaking 
strength). 


R  *  simulated  crash  acceleration  pulse 
K  -  spring  rate  of  restraint  system 
X  *  aircraft  stroke 
Z  «  deflection  In  restraint 
Y  «  oargo  stroke 

Figure  7.  Simulated  Aircraft,  Cargo,  and  Restraints 
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The  aircraft,  cargo,  and  restraints  as  adynamic  system  can  best  be  represented 
as  delineated  In  Figure  7.  If  the  cargo  Is  Isolated  from  the  system  (Figure  8)  and 
the  forces  are  summed,  then 


Figure  8.  Free  Body  of  Cargo  and  Restraint  Forces 


K(Y-X)  ♦  mY  ■  0 
K(Y-X)  * -mY 


and  If  ♦mX  and -mX  are  adde.  .hen 

K(Y-X)«-mY  +  mX-rnX 
K(Y-X)«  -m(Y-X)-mX 


Let 

••  M  •• 

Z-Y-X;  Z-Y-X 

Th«  K  Z  •  -mZ  -  mX  (*> 

1  +  w2  Z--K 

where 

w2  .  i< 

m 

X  Is  a  function  oft  and  depends  upon  the  pulse  imparted  to  the  aircraft 
Y  is  aooeleratlon  of  oargo 
Z  Is  aooeleratlon  of  restraint 


The  solution  to  equation  (1)  Is  Z  ■  B  co*  wt  ♦  C  fin  wt  ♦  Z  j  (2) 
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Consider  a  half-sine- ware  pals*  cum  (Figure  9)  to  replaoe  the  equilateral 
triangular  pulse  otarrt  at  defined  undar  the  a  action  "Pulse-Duration  Envelope", 
page  It.  This  win  greatly  raduoa  tba  complexity  of  the  equations  with  little 
sacrifioe  to  the  eoouraojr  that  would  ba  obtained  If  an  equilateral  triangular 
pulse  curve  ware  used. 


A  la  aooderattoa  In  g*s 
T  la  pulse  deration  3a  seconds 
t  Is  time  in  seconds 

Figure  9.  Simulated  HaH-Stae-Wave  Pulse  C^re 

■>  ,  ,  ^ 

The  aircraft  eooeleratlon  squall  one  are 

X*A«in^t  oataT  <*> 

-  r  -s 

X  ■  o  t»T  (4) 
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From  equations  (1),  (2),  (**),  (4),  and  pertinent  boundary  conditions,  the  restraint 
stroke  Is 


Z 


[ 


TT  Tf 

sin  —  t  — :  sm  wt 
f  wt 


(5) 


for  ostsT 


Z 


( I  4  cos  wt )  sin  wt  -  sin  wt  cos  wt 


(6) 


for  tij 


The  amplitude  of  vibration  and  Its  time  occurence  (tf^)  for  equation  (5)  Is 
obtained  In  the  following  manner:  first,  differentiate  equation  (5);  second, 
equate  this  equation  to  zero,  solving  for  tm  :  and  third,  place  the  values  for 
Into  equation  (5)  and  obtain  the  amplitude  of  vibration.  Similarly  for  equation 
(6),  tm  can  be  obtained.  However,  the  amplitude  of  vibration  Is  obtained  by 
separately  squaring  all  the  terms  In  front  of  the  sin  wT  and  cos  wT  and  then  by 
taking  the  square  root.  The  results  are  as  follows: 


t 


m 


—  arc  tan  - 


( I  +  cos  wT) 
sin  wT 


(10) 


for 
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Figure  10,  utilizing  equations  (7)  and  (9),  depiots  the  maximum  amplitude  of 
vibration  (restraint  deflection)  for  a  specified  wT.  That  portion  of  the  curve  to 
the  right  of  wT  equal  to  IT  is  the  restraint  deflection  for  responses  felt  during 
the  time  the  pulse  is  Imparted  to  the  aircraft.  To  the  left  of  wT  =  Tf  ,  the  curve 
represents  the  restraint  deflection  for  responses  felt  after  the  pulse  has  been 
imparted  to  the  aircraft. 

The  existing  Army  tie-down  devices  are  constructed  of  nylon  material.  The 
shape  of  Its  stress-strain  relationship  takes  the  form  of  a  cubic  equation,  or  as 
a  nonlinear  spring.  An  equivalent  linear  relationship  will  be  utilized  in  equations 
(7)  and  (9)  to  make  a  restraint  comparison  of  existing  Army  criteria  and  the 
pulse-duration-envelope  criteria.  From  All  American's  experience  with  a  10- 
foot  length  of  nylon-type  tie-down  device,  an  equivalent  linear  spring  rate  of 
5,000  pounds  per  foot  is  considered  to  be  conservative.  This  means  that  the 
cargo  and  its  restraints  can  ultimately  deflect  1  foot  without  failure  if  the  air¬ 
craft  tie-down  fittings  are  limited  to  5,000-pound  capacity. 

It  Is  appropriate  at  this  time  to  determine  the  equivalent  static  g  load  factor  for 
forward  restraint  that  is  corresponding  to  the  dynamic  response  of  the  cargo 
restraint  system.  From  Figure  10,  the  following  relationships  are  realized: 


Amp  s  C, 
wT  «  CTf 


where 


C|  is  depicted  from  the  ordinate 
C  is  depicted  from  the  abscissa 
with  w*  •  ^ 


Thus, 


K 

K 


0,  mA 
Amp 

c2rr2m 

T2 


Equating  the  two  equations, 


r  s  111  lUl E  r2 

C|  T2  A  ° 


(11) 

(12) 


(13) 

(14) 


(15) 
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with 


2 

A  =25  g’s*  -805  feet  per  second  (maximum  pulse  Intensity) 

T  *  0.25  second  (pulse  duration) 

Amp  «  1  foot  (ultimate  deflection  of  existing  restraint  system) 

Then 

C,  «  O.I92C2  (16) 

A  trial  and  error  solution  results  In  C  ■  2.86  and  C.  “1.56,  which  can  be  verified 
from  Figure  10.  From  equation  (IS)  and  m»W/g,  where  W  is  equal  to  cargo 
weight,  then 


rx  (17) 

The  equivalent  static  load  factor  is  39  g's. 

The  existing  Army  restraint  criterion  for  forward  restraint  Is  an  8-g  static  load 
factor.  Therefore,  It  Is  apparent  that  the  existing  Army  restraint  criterion  Is 
being  erroneously  utilized.  As  an  example,  consider  a  piece  of  cargo  weighing 
2,000  pounds  and  being  capable  of  restraint  In  the  aircraft  longitudinal  axis  In  the 
forward  direction.  Predicated  on  the  8-g  load  factor,  5,000-pound-capacity 
devices,  and  the  assumption  that  all  restraint  devices  used  are  of  equal  length, 
four  tie-down  devices  are  considered  to  be  sufficient  restraint  according  to 
Army  procedures.  Utilizing  the  equivalent  39-g  static  load  factor,  sixteen  tie¬ 
down  devices  are  required  for  correct  restraint.  Four  times  as  many  forward 
restraints  as  utilized  with  existing  methods  are  required  to  afford  full  crew 
protection  during  a  maximum  survlvable  crash  condition. 

The  foregoing  analysis  demonstrates  the  need  of  a  restraint  system  capable  of 
reacting  the  crash  pulse  responses  with  a  minimum  of  restraint  devices.  When 
a  large  number  of  restraints  is  required,  the  elasticity  problem  (see  page  16) 
of  variant  length  devices  becomes  apparent  and  must  be  Included  in  computing 
the  required  number  of  devices  for  a  given  weight.  This  could  result  In  a  mul¬ 
tiple  of  restraint  devices  and  Is  dependent  on  the  location  of  the  aircraft  floor 
tie-down  fittings. 

ELASTICITY  PROBLEMS 

One  of  the  problems  that  exists  with  tying  down  cargo  Is  caused  by  the  mixing  of 
web  and  chain  devices.  Assume  that  a  piece  of  cargo  is  restrained  to  the  air¬ 
craft  by  an  MC-1  nylon  web  with  a  rated  strength  of  5,000  pounds  and  by  an  MB-1 
chain  with  a  rated  strengthof  10, 000  pounds.  The  load  being  applied  to  the  package 
Is  15,000  pounds  (see  Figure  11).  The  percent  elongations  of  the  MC-1  and  MB-1 
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devices  are  assumed  to  be  50  percent  and  3  percent  respectively.  It  Is  felt  that 
50  percent  Is  lower  than  might  be  expected,  but  for  illustration  purposes  it  will 


MC-1  (5,000  lb.  capacity) 


x - 

s 

* _ 

MB-1  (10,000  lb.  capacity) 


15,000  lb 


Figure  11.  Cargo  Restrained  by  Tie-Down  Devices  of  Different 
Percent  Elongations  and  Rated  Strengths 


be  sufficient.  Assume  that  the  lengths  of  these  devices  are  the  same;  therefore, 
their  unit  strains  are  also  equal.  The  loads  felt  by  the  devices  are  directly  pro¬ 
portional  to  their  percent  elongation  or 


Then 


where 


(18) 


p£  is  equivalent  load  in  web  devloe 
Pw  is  oapacity  of  web  device 
£w  is  unit  strain  for  web  device 
€  c  is  unit  strain  for  chain  device 

When  the  steel  chain  has  reached  its  maximum  elongation,  the  devloe  is  loaded 
to  10,000  pounds.  The  equivalent  load  In  the  nylon  webbing  from  equation  (18)  is 


x  5000  =  300  pounds 


The  total  load  reacted  by  the  devices  Is  10,300  pounds.  The  aircraft  operating 
manuals  make  it  seem  apparent,  from  the  above  figure,  that  the  15,000  pounds 
is  the  sum  of  the  devices.  In  reality,  the  system  is  overloaded,  and  a  load  in 
excess  of  10,300  pounds  will  probably  overload  the  MB-1  device,  causing  failure 
and  dumping  all  the  load  into  the  MC-1  device. 

The  above  example  applies  to  devioes  that  have  a  large  variation  in  their  elon¬ 
gation  properties.  For  those  restraints  that  have  a  small  variation,  the  elasticity 
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of  the  package  will  probably  realign  the  devices  to  enable  the  applied  load  to  be 
reaoted. 

On  the  other  hand,  If  the  two  derioea  are  of  equal  elasticity  and  length  and  are 
attached  to  a  6,000-  and  a  10,000-pound  rated  fitting,  the  load  will  obviously 
divide  Into  7,600  pounds  in  eaoh,  causing  failure  in  the  5,000-pound  fitting,  and 
then  overloading  the  higher  rated  one. 

Consider  a  package  with  devices  Identical  in  all  respects  except  for  different 
lengths  (see  Figure  12).  Th?  deflection  equation  Is  shown  as  follows: 


P 


Figure  12.  Cargo  Restrained  by  Different  Length  Tie-Down  Devices 

Having  Identical  Properties 

A  *  (19, 

where 

I  Is  length  of  restraint 
A  Is  cross-sectional  area  of  restraint 
E  is  modulus  of  elasticity  of  restraint 

WithPI  =  AE, 


let  c  **  AE ; 


then  PI  'C  where  P  and  I  are  the  only  variables  and 
AE  A  are  the  same  for  each  device. 


It  can  then  be  shown  that 


P|  I,  «  P2  l2 


where 


p. 

p* 


Is  load  In  shorter  devloe 
Is  load  In  longer  devloe 


p. 


(J0) 


It  Is  obvious  from  the  above  equation  that  the  shorter  device  will  reach  its 
maximum  capacity  first.  As  l2  becomes  excessively  longer  than  1 1  ,  the  rating  of 
the  longer  devloe  becomes  negligible. 


b 
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In  general,  care  must  be  taken  not  to  use  devices  lor  restraint  In  one  dlreotlon 
where  one  Is  excessively  longer  than  the  other.  It  is  to  be  noted  that  the  package 
elasticity  will  have  some  effect  In  realigning  the  devices,  and,  therefore,  those 
devices  that  are  slightly  longer  than  others  will  have  essentially  the  same  loads. 

OPTIMUM  LOADING  CONDITIONS 


Ideal  loading  is  best  accomplished  by  utilizing  a  minimum  number  of  restraint 
devices  in  relation  to  the  cargo  weight.  An  ideal  case  would  be  simply  to  tie  four 
restraints  to  a  piece  of  cargo  with  the  capability  of  proper  restraint  In  the  re¬ 
quired  directions  (see  Figure  13).  For  practical  application,  the  cargo  would  have 
to  have  tie-down  attachments  and  to  be  sized  so  that  the  devices  may  be  installed 


at  angles  which  permit  optimum  proportioning  of  the  restraint  vectors  in  the 
three  directions  of  loading.  The  preponderance  of  Army  cargo  capable  of  being 
restrained  In  Army  alroraft  does  not  meet  these  requirements. 

PARTIAL  UTILIZATION  OF  CARGO  COMPARTMENT 

Partial  utilization  of  a  cargo  compartment  Is  a  result  of  package  density.  Dense 
cargo,  such  as  cartridge  boxes,  use  up  the  restralnable  weight-lifting  capacity  of 
the  aircraft  before  maximum  cargo  compartment  volume  is  reached.  Investigation 
of  the  types  of  cargo  transported  by  Army  alroraft  indicates  that  most  cargo  Is 
of  relatively  hlghdenslty  (see  Figures  35  through  52).  Therefore,  the  cargo  weight 
limit  Is  reached  with  relatively  low  cargo  compartment  volume  utilization.  The 
densest  cargo  results  in  low  oargo  volume  utilization  and  relatively  large  aircraft 
floor  space  coverage.  If  the  crash  pulse-duration  envelope  (reference  page  19)  is 
rigorously  applied,  the  existing  restraint  techniques  limit  the  cargo  payload. 

RESTRAINT  DEVICES 

The  number  of  devloes  required  to  restrain  oargo  depends  upon  the  shape,  size, 
and  weight  of  the  oargo.  To  restrain  heavyweight  cargo  requires  a  multiple  of 
restraint  devices.  The  size  of  cargo  determines  the  number  of  available  fittings 
to  be  utilized  with  tie-down  devloes,  while  the  shape  of  the  cargo  determines  the 
availability  for  direct  tie-down  from  oargo  to  floor  fittings.  For  a  rectangular¬ 


ly 


shaped  cargo,  tie-down  devices  are  passed  around  the  oargo  for  restraint,  where 
for  a  vehicle,  the  axles  are  used  as  points  of  tie-down  locations.  The  forward 
restraint  direction  requires  a  larger  proportion  of  devioes  than  the  other  restraint 
directions.  Mixing  of  strap-  and  chain-type  devices  and  using  different  length 
devioes  for  restraining  cargo  result  In  elasticity  problems,  whioh  are  discussed 
under  the  section  "Elasticity  Problems",  page  14.  In  addition,  the  chain  devices 
are  considered  to  be  unfit  as  a  restraint  method  because  of  their  relatively  high 
stiffness  char&oteristlos.  The  devices  may  become  responsive  to  high  oscillations 
that  occur  during  the  crash,  whereas  flexible  devioes  are  relatively  less  respon¬ 
sive. 

TIE-DOWN  FITTINGS 

The  number  of  floor  tie-down  fittings  available  for  restraint  depends  on  the  type 
and  size  of  cargo  and  whether  the  cargo  Is  to  be  air  transported  or  air  dropped. 
A  package-type  cargo  reduoes  the  number  of  existing  floor  tie-down  fittings 
available  for  restraint  by  covering  up  floor  fittings  under  the  package.  A  vehicle, 
on  the  other  hand,  will  not  obscure  as  many  tie-down  fittings,  but  It  is  difficult 
to  make  use  of  these  fittings.  For  heavy  paokages,  roller  conveyors  are  used  to 
facilitate  the  loading  and  unloading  of  cargo.  These  are  examples  of  air  trans¬ 
ported  cargo.  For  air  delivery,  pallets  and  roller  conveyors  are  used;  this 
results  in  an  additional  two  rows  of  aircraft  floor  fittings  being  obscured.  An 
Insufficient  number  of  tie-down  fittings  is  then  available,  so  that  the  weight  of 
cargo  to  be  restrained  is  therefore  limited  to  the  desired  load  factors. 

CARGO  TIE-DOWN  AND  RELEASE  TIME 


It  Is  Important  to  consider  the  time  required  to  rig  and  derlg  cargo  for  air  trans¬ 
port  and  air  drop  operations.  The  time  considered  depends  on  the  size  and  shape 
of  oargo  being  restrained.  For  cargo  such  as  vehicles,  the  problems  Include 
crawling  Mnder  vehicles  to  tie  restraining  devices  to  axles;  moving  around  cargo 
to  get  to  floor  tie-down  fittings;  passing  straps  around  cargj  for  restraining  pur¬ 
poses;  and  restraining  palletized  oargo  by  tying  from  the  oargo  to  the  floor 
fittings.  For  cargo  such  as  cartridge  boxes,  the  problems  Include  utilizing 
devices  for  each  layer  and  oolumn  of  boxes  for  complete  restraint  and  attaching 
two  devioes  together  to  make  a  longer  device  to  restrain  the  oargo. 
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DESIGN  CRITERIA 


The  criteria  applied  to  the  design  of  a  cargo  restraint  system  are  discussed  In 
this  section. 

PULSE-DURATION  ENVELOPE 

The  pulse-duration  envelope  Is  defined  as  an  equilateral  triangular-shaped  curve 
with  maximum  peak  Intensity  of  25  g' sand  duration  of  0.25  second  (see  Figure  14 
and  Bibliography  reference  la).  The  pulse  Intensity  Is  considered  to  be  pertinent 
to  takeoff  and  landing  crashes  and  Is  related  to  the  longitudinal  axis  in  the  for¬ 
ward  direction  of  flxed-wlng  aircraft. 


Figure  14.  Pulse-Duration  Curve 

The  existing  crash  static  load  factors  that  are  utilized  In  restraining  cargo  In 
Army  aircraft  will  be  considered  to  be  adequate  for  restraint  In  the  other  aircraft 
axes.  They  are  as  follows: 


Restraint  Direction 

Fixed-Wing 

Aft 

1.5  g's 

Down 

Based  on  floor  structure 

Up 

2.25  g's 

Side 

1.5  g's 

The  report  "Cargo  Restraint  Conoepts  For  Crash  Resistance"  (Bibliography 
reference  la)  Indicates  that  a  pulse  envelope  for  rotary-wing  aircraft  Is  less 
severe  than  for  flxed-wlng  airplanes.  It  is  then  assumed  that  the  above  criterion 
Is  more  than  adequate  for  rotary-wing  aircraft,  and  a  greately  reduced  criterion 
would  be  appropriate. 
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DESIGN  CARGO  WEIGHTS 


Tha  following  assumptions  are  warranted  in  order  to  design  a  cargo  restraint 
system: 

1.  The  cargo  C.G.  is  to  be  in  a  centered,  vertical,  longitudinal  plane  of  the 
cargo  compartment.  The  vertical  C.G.  limits  are  to  be  5  lnohes  above  the  floor 
to  6  inches  above  the  oargo  compartment  C.G. 

2.  All  Army  oargo  is  capable  of  reacting  Its  own  g  loadings. 

3.  Factors  of  safety  for  designing  any  proposed  concept  are  included  In  the 
crash  pulse  criteria. 

4.  Maximum  payload  carried  in  the  cargo  compartments  is  considered  to  be 
maximum  payload  at  aero  fuel  minus  minimum  usable  fuel. 

5.  Maximum  oargo  displacement  of  2  to  3  feet  is  feasible,  predicated  on  the 
pulse- duration-envelope  criteria. 

DESIGN  CONSIDERATIONS 


The  following  design  objectives  are: 

1.  Elasticity  Problems:  Avoid  differential  elongation  between  ohalns  and 
straps,  and  refrain  from  using  variant  length  devices. 

2.  Proper  Restraint:  Achieve  total  restraint  without  attendant  problems. 

3.  Optimum  Loading  Conditions:  Completely  restrain  maximum  oargo 
weights. 

4.  Forward  Restraint  Direction:  React  the  forward  load  with  a  minimum  of 
restraint  devices. 

5.  Utilisation  of  Cargo  Compartment:  Permit  additional  floor  space  and  oargo 
weight  utilisation. 

6.  Restraint  Devloes:  Permit  a  reduction  of  the  number  and  types  of  devices 
for  oargo  restraint. 

7.  Tie-Down  Fittings:  Minimize  the  number  of  fittings  used  in  the  instal¬ 
lation,  and  do  not  modify  the  airframe  in  any  case. 

8.  Cargo  Tie-Down  and  Release  Time:  Provide  rapid  and  simple  installation 
along  with  a  qulok  method  of  derigging  oargo  for  air  transport  and  air  drop  opera¬ 
tions. 


9.  Construction:  Provide  a  compact  system  with  rugged  construction,  capable 
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of  reacting  cargo  loads  based  on  the  pula  e-duratl  on-envelope  criterion.  Min¬ 
imize  use  of  exotio  material. 

10.  Component  Parts:  Design  components  to  hare  a  minimum  number  of  parts 
to  reduce  the  number  of  fittings  to  be  carried  as  aircraft  equipment. 

11.  Design  Concept  Weight:  Consider  weight  to  be  of  primary  Importance  and 
design  component  weights  to  be  kept  to  a  minimum. 

12.  C.G.  Requirements:  Consider  C.G.  requirements  In  design  of  cargo  re¬ 
straint  system. 

13.  Cargo  Handling  Environment:  Design  for  sturdiness  to  withstand  abuse 
inherent  In  cargo  handling  environment. 

14.  Universal  Use:  Design  to  be  universally  applicable  to  all  Army  aircraft. 

15.  General  Specification:  Comply  with  general  specification  for  design  of 
"Aeronautical  Support  Equipment". 
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DYNAMIC  ANALYSIS  OF  RESTRAINT  SYSTEM 


MAXIMUM  ENERGY  RESTRAINT  CONCEPT 


The  maximum  energy  restraint  concept  is  predicated  upon  utilizing  the  maximum 
possible  area  under  die  restraint  load-deflection  curve  (Figure  15).  A  constant 
load  curve  would  best  fulfill  this  requirement  However,  it  is  necessary  that 
a  webbing  tie-down  device  be  used  In  conjunction  with  a  constant  load  devloe  to 
make  up  a  satisfactory  restraint  tie-down  devloe.  Therefore,  based  on  the  web¬ 
bing  characteristics,  an  onset  rate  will  be  realized  during  operation.  The  web 
devloe  should  be  of  high  strength  and  low  elongation,  optimizing  the  energy  under 
the  load-deflection  curve.  The  buildup  In  energy  In  the  webbing  portion  of  the 
restraint  device  Is  additive  to  the  energy  absorbed  by  the  oonstant  load  device, 
resulting  In  total  energy  required  to  restrain  cargo.  This  is  apparent  since  the 
webbing  devloe  will  first  elongate  to  the  restraint  capacity,  followed  by  the  re¬ 
action  of  the  oonstant  load  device.  The  total  oargo  displacement  will  be  the  sum  of 
the  webbing  deflection  and  the  load  devloe  stroke. 

A  dynamic  analysis,  pertinent  to  the  above  discussion,  relating  restraint  stroke 
to  Its  corresponding  parameter  Is  to  follow.  It  is  assumed  that  restraint  pre- 
tens  toning  and  friction  between  oargo  and  floor  are  negligible. 

The  restraint  load-deflection  curve  and  aircraft  crash  pulse  curve  (reference 
Figure  14)  are  depleted  In  Figures  15  and  16,  respectively. 


Figure  15.  Restraint  Load-Deflection  Curve 
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Figure  16  Equilateral  Triangular  Pulse  Curve 
Equation  (1)  Is  applicable  and  will  be  rewritten  as  equation  (21)  for  convenience. 


Z  +  W2  Z  =  -X  (21) 

for  o*t2STp 

For  the  equations  for  t>T^,  consider  the  free  body  of  cargo  depleted  In  Figure  17. 
This  free  body  Is  similar  to  the  one  shown  In  Figure  8  except  that  P  Is  replacing 


Figure  17.  Free  Body  of  Cargo  and  Restraints 

K  (Y-X).  Let  Q2  “  ~  and  replace  w2  In  equation  (1),  thus , 

Z  ♦  Qz  -  -X 

for  ffcTp  (22) 
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The  aircraft  acceleration  equations  are 


2A 

X  •  ~  t 


for  osfi  j 


2A  -  -*=jr-  t 


for  X 


X  *  0 


for  f  2s  T 


Placing  equation  (23)  Into  (21)  with  the  pertinent  boundary  conditions  and  solving 
die  resulting  differential  equation,  the  restraint  stroke  Is 


2A 

Z  *  sin  wt  - 
w5T 


2A  t 
w2  T 

for  osSt^T, 


It  is  assumed  that  Z  p  (see  figure  16)  occurs  between  0^  t  s  X  ^  ^  time 
t  «  Tp  .  By  placing  Z  s  Zp  s  iX  and  t  =  Tp  into  (26),  then 


sin  wTp  -  wTp  = 


£w3T 

2A 


This  equation  Is  used  to  verify  that  Tp^  —  and  Is  the  basis  upon  which  the  final 

pertinent  equation  Is  based.  It  so  happens  that  the  forward  maximum  restraint 
deflection  always  ooours  after  die  pulse  Imparted  to  die  aircraft  has  ceased. 
Therefore,  only  this  equation  will  be  shown;  It  is  obtained  by  solving  the  differen¬ 
tial  equation  (22)  with  die  pertinent  boundary  conditions  and  die  aircraft  acceler¬ 
ation  equations  (23)  through  (26).  The  resulting  equation  Is 


-oV 


for  f^T 
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where 


The  amplitude  of  vibration  or  maximum  restraint  stroke  and  Its  time  occurrence 
(tm)  Is  obtained,  first,  by  differentiating  equation  (28)  and  equating  to  zero; 
second,  by  solving  for  tm ;  and  third,  by  placing  tm  Into  (28).  Then 


Amp 

(31) 

1  / 

(32) 

10 

11 

for  t  2:  T 

The  above  analysis  is  applicable  only  when  an  elastic  tie-down  device  is  utilized 
in  series  with  the  constant  load  devloe.  Eliminating  the  web  devloe  would  result 
in  a  relatively  stiff  restraint  system.  Such  a  rigid  system  is  responsive  to  high- 
frequency  oscillations  that  occur  during  the  Interval  when  the  acceleration  is 
imparted  to  the  aircraft.  These  high-frequency  oscillations  are  not  Included  in 
the  dynamic  analysis  because  of  their  unpredictable  nature.  However,  flexible 
systems  are  relatively  less  responsive  to  these  oscillations.  The  above  equations 
and  their  applications  to  existing  Army  tie-down  devices  and  a  high-strength, 
low-elongation  web  devloe  are  discussed  under  the  following  heading,  "Equivalent 
Static  Load  Factor".  A  oonstant  load  devloe,  as  described  above,  is  called  a  load 
limiter  and  is  discussed  under  the  heading  "Design  Concepts". 

EQUIVALENT  STATIC  LOAD  FACTOR 


For  forward  restraint,  an  equivalent  static  load  factor,  corresponding  to  the 
dynamic  response  of  the  cargo  restraint  system,  is  attainable.  The  equivalent 
factor  will  greatly  simplify  the  calculation  required  to  ensure  correct  restraint. 

The  equivalent  load  factor  will  depend  on  the  characteristics  of  the  web  portion 
of  the  restraint  system.  The  existing  Army  tie-down  devices  are  of  nylon  material 
with  a  25-percent  elongation  at  5,000-pound  capacity.  This  type  of  restraint  com¬ 
bined  with  a  load  limiter  unduly  loses  the  effectiveness  of  the  marl  mum  energy 
oonoept.  During  crash  conditions,  the  nylon  web  device  will  absorb  little  energy 
with  a  large  stroke.  The  stroke  is  dependent  upon  the  length  of  web  device  used. 
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It  is  felt  that  6  feet  of  strap  length  Is  used  most  of  the  time  in  restraining  cargo. 
This,  them,  results  in  1-1/2  feet  of  stroke  during  operation  prior  to  reaotion  of 
the  load  limiter.  Consequently,  the  load  limiter,  whloh  is  capable  of  absorbing 
more  energy  per  foot  of  stroke  than  the  web  devioe,  has  to  reduce  its  design 
capabilities  because  of  the  total  restraint  stroke  design  criterion  of  2  to  3  feet 
(see  page  20).  This  results  in  excessive  restraints  in  tying  cargo  securely.  The 
optimum  restraint  system  oan  be  utilized  by  oonsldering  a  Dacron  material  to 
replace  the  nylon.  The  Daoron  tie-down  devices  have  approximately  a  2.5-peroent 
elongation  at  5,000-pound  oapaolty  under  dynamic  conditions.  During  operation, 
the  Dacron  webbing  will  deflect  a  small  percentage  of  the  total  allowable  restraint 
stroke. 

The  curves  of  Figures  18  and  19  have  been  delineated  from  equations  (27),  (29), 
(30),  and  (31)  to  show  the  restraint  stroke  versus  equivalent  static  load  factor 
for  both  nylon  webbing  and  Dacron  webbing  in  series  with  a  load  limiter.  A  4- 
foot  nylon  webbing  length  was  used  in  calculating  the  curve  to  obtain  the  best 
possible  combination  of  webbing  and  load  limiter  derrioes.  A  6-foot  length  was 
used  for  the  Dacron  device.  From  Figure  19,  the  equivalent  static  load  factor 
for  about  a  2.2-foot  stroke  is  approximately  15  g's,  using  Dacron  straps.  A  2.2- 
foot  stroke  is  predicated  on  a  2-foot  stroke  load  limiter  and  on  approximately 
0.2  foot  of  Dacron  strap  elongation.  For  comparison  purposes,  from  Figure  18, 
a  24-g  equivalent  statio  load  factor  is  obtained  for  a  2.2-foot  restraint  stroke. 
To  obtain  the  number  of  forward  restraint  devloes  required  for  a  given  cargo 
weight,  the  load  factor  is  multiplied  by  the  cargo  weight,  and  the  result  is  divided 
by  the  rated  oapaolty  of  the  tie-down  device.  As  an  example,  reverting  to  the 
previous  cited  example  (page  14),  if  a  2,000-pound  package  is  restrained  in  the 
forward  aircraft  direction  with  5,000-pound-oapaoity  devices,  then  10  nylon  and 
load  limiter  combination  devloes  and  6  Dacron  and  load  limiter  combination  de¬ 
vices  are  required.  It  is  to  be  remembered  that  these  equivalent  statio  load 
factors  apply  only  for  a  pulse-duration  envelope  of  25-g  intensity  and  0.25-seoond 
duration. 


26 


6.  0 


o 

«r> 


o  o  o 

•  •  • 

*n  «M 

U*)  3M0HXS  IKIYHXSaH 


(M 

m 


o 


00 

N 


NO 

N 


N 


(M 

IM 


O 

N 


O 


27 


DESIGN  CONCEPTS 


The  design  concepts  to  be  discussed  are  basically  web-type  tie-down  devices 
attached  to  load  limiters.  The  web  devices,  as  previously  Indicated,  are  of  Dacron 
material  with  high  strength  and  long  elongation  properties,  and  the  load  limiters 
are  energy  absorbers  designed  to  react  to  a  predetermined  stroke.  Two  basic 
types  of  load  limiters  are  to  be  considered.  They  are  the  counterflexlng  and  the 
tube-ball  types. 

The  counterflexlng  load  limiter  Is  a  concept  preferred  by  the  Government  and  was 
Initiated  from  Government- supplied  data,  which  then  resulted  in  an  analytical/ 
experimental  program.  This  load  limiter  concept  consists  of  stainless  steel  wires 
woven  through  a  platen  with  a  given  thickness,  number  of  holes,  hole  diameter,  and 
hole  spacing. 

REVIEW  OF  GOVERNMENT-SUPPLIED  DATA 


This  data,  which  was  supplied  by  the  Government  for  evaluation  and  review  on  the 
plastic  range  counterfletxlng-type  load  limiter,  was  obtained  by  using  an  aluminum 
plate  with  three  oblong  1/4- Inch-diameter  holes  drilled  on  3/4-lnch  centers. 
Passing  through  the  three  holes  were  four  0.091 -inch-diameter  stainless  steel 
(annealed)  wires  woven  In  and  out  of  the  holes  as  shown. 


Figure  20.  Government-Supplied  Plastic  Range  Counterflexlng  Load  Limiter 

The  counterflexlng  load  limiter  can  be  easily  defined  as  the  means  of  pulling  wire 
through  a  stationary  platen  at  a  constant  load.  The  load  developed  basically 
depends  on  hole  else,  hole  spacing,  and  plate  thickness.  The  radius  of  bend  of  the 
wire  after  weaving  Is  dependent  on  the  above  variables.  The  greater  the  bend,  the 
greater  the  pull  load  that  can  be  accomplished. 
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Included  In  the  supplied  data  is  an  equation  of  pull  load  as  a  function  of  coefficient 
of  friction,  wire-bending  moment,  and  wire  curvature  of  radius.  The  following 
delineates  the  development  of  this  equation: 

It  is  assumed  that  plastic  flexure  takes  place  at  points  1  through  6.  See  Figure  21. 


Figure  21.  Wire  and  Plate  Combination  Showing  Points  of  Flexure  Locations 

When  the  wire  is  pulled  from  a  straight  portion  to  a  curved  portion,  energy  is 
expended  in  the  form  of  plastlo  deformation.  This  is  evident  from  Figure  21  when 
the  wire  passes  points  2,  4,  and  6.  The  work  done  is  M*  d#>. 


Therefore,  work  per  unit  length,  M.  *  (33) 

^  /odo  /° 

where 

M*  is  plastic  moment 

/o  is  radius  of  curvature  of  wire 

Similarly,  work  done  per  unit  length,  in  going  from  a  curve  to  a  straight  section, 

when  the  wire  passes  points  1,  3,  and  5  (Figure  21),  is  .  The  external  work 

displacing  a  wire  a  unit  dlstanoe  is  P*  unity.  The  internal  work  or  plastic  work 
per  unit  length, W ,  referring  to  Figure  21,  is 

W  ■  4,  4M* 

r  i  <34> 
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The  factor  2,  corresponding  to/>(  in  the  equation,  Is  obtained  from  points  1  and  2 
(Figure  21),  and  the  factor 4,  corresponding toyo2,  is  obtained  from  the  remaining 
points. 


If  external  work  is  equated  to  Internal  work,  the  following  equation  is  obtained: 


If  a  coefficient  of  friction  factor  of  1.5  Is  considered,  equation  (35)  becomes 

P  *  1.5  M*  ["-I-  +  —■"]  P«) 

l/' 

Equation  (36)  represents  the  extent  of  the  Government-supplied  data.  A  further 
investigation  of  this  equation  reveals  the  following: 


1.  If  all  holes  and  hole  spacings  are  considered  to  be  the  same  for  a  given 
platen, /o |  Is  approximately  1/2 yOz .  Equation  (36)  becomes 


P  ■ 


or 


P  - 


12  M* 

/> 

'  2 


6  M  ♦ 


(37) 


Figure  4  supports  this  observation. 

2.  A  general  equation  Is  written  considering  an  Infinite  number  of  holes  with 
the  same  diameter  and  the  same  hole  spacings.  The  equation  is 


P  «  1.5  M* 


where 

n  is  the  number  of  holes  In  the  platen, 
Or  with  *  £ /°2  ^rom  Equation  (38) 


then 


P  =  3.0  (n  ♦1)^- 
P  *  1.5  (n  +  l)^j- 


(38) 


(39) 
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/°l  *  2/°2 


Load 


Hole  Diameter  1/4” 

Hole  Spacing  3/4" 

Platen  Thickness  1/8" 


Hole  Diameter  1/4" 

Hole  Spacing  1/2" 

Plcten  Thickness  1/4" 


Load 


2  A 


Load 


Hole  Diameter  1/4" 

Hole  Spacing  3/4" 

Platen  Thickness  1/4" 


Figure  23.  Geometry  of  Counterflex  hag  Load  Limiter 
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It  Is  evident  from  the  above  equations  that  the  maximum  bending  moment,  com- 
binded  with  the  minimum  radius  of  curvature,  will  give  optimum  pull  load.  Bending 
moment  of  the  wire  will  depend  on  Its  diameter.  The  radius  of  curvature  of  the 
wire  will  depend  on  holediameter,  hole  spacing,  and  platen  thickness.  In  addition, 
platen  mato-lal  will  affect  the  coefficient  of  friction,  and  weaving  arrangements, 
such  as  a  staggered  hole  pattern,  will  more  than  likely  augment  the  pull  load  over 
and  above  a  straight  hole  pattern. 

ANALYTICAL  STUDY 

An  analytical  study  was  undertaken  to  predict  the  effects  of  the  variables  associ¬ 
ated  with  the  platen  and  wire  In  order  to  conduct  an  experimental  study.  The 
findings  regarding  the  variables  lnvestigated--hole  diameter,  hole  spacing,  platen 
thickness,  wire  diameter,  platen  and  wire  materials,  and  weaving  arrangements- - 
are  as  follows: 

1.  Hole  Diameter:  The  angle  that  the  wire  will  make  when  threaded  through  a 
hoi  e  in  a  plate  will  depend  on  hole  di  \meter  in  addition  to  some  of  the  other  vari¬ 
ables.  Figure  24,  below,  is  Indicative  of  this.  It  is  obvious  fiom  the  figure  that, 
as  the  hole  diameter  Increases,  the  pertinent  angle  decreases. 


Figure  24.  Geometry  of  Wire  Threaded  Through  Hole  In  Platen 

The  converse  Is  also  true.  Therefore,  the  smaller  the  hole  diameter,  the  smaller 
the  radius  of  ourvature  of  the  wire  woven  through  the  platen.  From  equation  (35), 
the  radius  of  curvature  Is  an  inverse  function  of  the  pull  load,  leading  to  the  con¬ 
clusion  that  the  smaller  the  hole  diameter,  tht  greater  the  pull  load. 

2.  Hole  Spacing:  The  effect  that  hole  spacing  has  on  pull  load  Is  easily  real¬ 
ized  when  wire  bending  Is  considered.  As  the  holes  <n  a  platen  are  spaced  closer 
together,  the  bend  In  the  wire,  as  woven,  would  increase,  or  the  wire  radius  of 
curvature  would  decrease.  Referring  to  equation  (35)  again,  the  pull  load  Is  of 
greater  Intensity  at  the  smallest  hole  spaclngs. 

3.  Platen  Thickness;  Platen  thickness  Is  associated  in  a  direct  relationship 
with  wire  bending  when  the  wire  Is  threaded  through  the  platen.  An  Increase  In 
platen  thickness  will  result  In  greater  bending  of  the  woven  wire;  therefore 
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platen  thickness  is  universally  proportional  to  the  wire  radius  of  curvature. 
Subsequently,  referring  to  equation  (35),  a  higher  intensity  in  pull  load  is  evident 
with  Increased  platen  thickness. 

4.  Wire  Diameter:  As  the  wire  diameter  increases,  the  bend  in  the  threaded 
wire  increases.  This  can  be  illustrated  if  two  identical  platens  with  two  different 
diameter  wires  woven  through  the  platens  are  considered.  See  Figure  25.  The 


c<2 

Figure  25.  Geometry  of  Wire  Diameter  Versus  Hole  Size  in  Platen 

angle  between  platen  and  wire  is  increased  with  increased  wire  diameter.  There¬ 
fore,  the  radius  of  curvature  is  smaller  for  the  larger  wire  diameter.  This  results 
in  a  greater  wire  pull  load  as  defined  by  equation  (35).  However,  the  storage  area 
for  2  feet  of  wire  will  be  a  deciding  factor  on  the  size  of  wire  that  is  feasible. 

5.  Platen  and  Wire  Materials:  Three  types  of  platen  material  seem  to  be 
satisfactory  for  counterflaxlng  load  limiter  design.  They  are  6061-T6  and  2024-T3 
aluminum  and  304  annealed  stainless  steel.  The  6061-T6  aluminum  is  soft  ma¬ 
terial  as  compared  to  the  2024-T3  aluminum.  On  the  other  hand,  the  304  annealed 
stainless  steel  is  the  hardest  material  of  the  three  under  consideration.  During 
loading,  the  soft  material  may  easily  be  gouged  where  the  wire  is  in  contact  with 
the  plate.  This  could  result  in  a  mean  pull  load  that  is  excessively  low.  However, 
during  loading,  a  hard  material  such  as  stainless  steel  may  cause  excessive 
resistance  with  the  wire.  The  2024-T3  aluminum  material  falls  In  a  hardness 
category  between  the  6061-T6  aluminum  and  the  stainless  steel  material.  These 
three  materials  will  be  sufficient  to  give  a  comparison  of  the  effect  that  platen 
hardness  will  have  on  the  wire  utilized.  The  most  desirable  wire  material  is 
annealed  stainless  steel  because  of  its  high  strength  and  its  bending  capabilities. 
This  is  necessary  so  that  a  high  pull  load,  easy  storing,  and  weaving  of  the  wire 
can  be  accomplished. 

6.  Weaving  Arrangements:  It  is  desirable  to  test  a  platen  with  straight-line 
holes  and  staggered  holes  in  order  to  determine  the  optimum  pull  load  condition. 
A  minimum  of  three  straight  holes  in  the  platen  is  sufficient  to  inaugurate  the 
test  program.  This  is  verified  from  the  Government-supplied  data  (page  28).  The 
weaving  arrangements  will  be  determined  as  the  test  events  are  concluded.  This 
will  help  to  minimize  the  number  of  tests  required. 

From  the  above,  it  is  evident  that  the  pertinent  factors  required  to  achieve  the 
optimum  pull  load  can  be  accomplished  by  utilization  of  the  maximum  feasible 
diameter  wire  woven  through  a  plate  with  the  smallest  hole  diameter  and  hole 
spacing  and  the  largest  reasonable  thickness. 
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EXPERIMENTAL  STUDY 


To  initiate  the  test  program,  a  preliminary  test  plan  was  written  whioh  specified 
annealed  stainless  steel  wire  from  0.62  to  0.120  inch  in  diameter  in  various 
combinations  with  the  following: 

1.  Number  of  wlret  utilised  (1,  2,  and  4) 

2.  Plate  material  (6061-T6  aluminum,  2023-T3  aluminum,  and  304  annealed 
stainless  steel) 

3.  Plate  thickness  (1/8,  1/4,  5/16,  and  3/8  inch) 

4.  Hole  diameter  (1/4,  5/16,  3/8,  7/16,  and  1/2  inch) 

5.  Hole  spacing  (1/2,  5/8,  3/4,  and  1  inch) 

6.  Weaving  arrangement  (straight  and  staggered) 

As  the  tests  were  conducted,  the  test  plan  was  revised  as  warranted  by  the  test 
results.  Table  XII,  Appendix  I,  is  the  final  plan  as  utilized,  and  Tables  V  through 
X  depict  the  compiled  data  which  Includes  both  mean  and  peak  pull  load.  The 
columns  of  Tables  V  through  X  were  arranged  in  an  orderly  manner  in  order  to 
correlate  the  data. 

A  Baldwin- Emery  SR-4,  Model  F.  G.  T.,  test  machine  was  utilized.  The  test 
machine  has  four  scales:  0-1,000  pounds,  0-2,500  pounds,  0-10,000  pounds,  and 
0-50,000  pounds.  In  the  case  of  this  test  program,  the  two  scales,  whioh  can  be 
read  with  the  most  accuracy,  0-1,000  and  0-2,500  pounds  were  used.  The  test 
specimens  were  attached  to  .he  machine  In  two  different  manners.  See  Figures 
26  and  27.  The  wire  of  the  test  specimen  In  Figure  26  was  looped  at  one  end.  The 
looped  and  platen  ends  were  connected  to  a  pin  and  clevis  combination,  which  was 
attached  rigidly  to  the  jaws  of  the  machine.  For  the  other  specimen,  one  free  end 
of  each  wire  and  the  platen  end  with  a  pin  and  clevis  combination  were  attached 
rigidly  to  the  jaws  of  the  machine  (see  Figure  27).  The  looped  wire  test  specimens 


load 


Figure  26.  Single  Wire  Threaded  Through  Platen 


load 


Figure  27.  Two  Wires  Threaded  Through  Platen 
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were  attained  by  threading  a  single  wire  through  the  platen.  The  first  60  tests 
were  conducted  in  this  manner.  A  change  to  the  other  type  test  specimen  (Figure 
27)  was  then  undertaken  because  it  became  apparent  that  the  pull  load  w as  being 
adversely  affected  by  Inherent  kinks  and  local  bends  in  the  free  end  of  the  wire 
as  a  result  of  the  threading  operation.  This  operation  consisted  of  folding  the 
wire  in  half  and  threading  each  end  as  individual  wires.  The  free  end  of  the  wire 
is  first  threaded  through  the  platen  from  the  looped  side.  The  threading  operation 
of  the  second  method  utilized  two  single  wires  which  are  woven  through  the  platen 
from  the  free  end  side.  Upon  completion  of  the  threading  operation,  the  free  end 
wire  has  not  been  touched,  and  no  kinks  or  local  bends  are  apparent. 

The  tests,  in  general,  were  conducted  with  the  holes  in  the  platen  either  broken 
at  edges  or  ohamfered,  or  the  edges  were  polished  to  a  rounded  contour.  These 
hole  variations  were  an  attempt  to  eliminate  or  reduce  the  peak  load  that  occurs 
during  the  initial  stage  of  each  test.  The  peak  load  intensity  using  these  methods 
was  not  reduced  sufficiently.  Another  method  was  utilized  with  excellent  results. 
This  method  consists  of  pre-pulling  the  wire  for  approximately  1  inch  and  then 
backing  off  to  zero  load.  This  procedure  established  a  peak  and  mean  load.  The 
test  was  restarted,  and  only  the  mean  load  was  realized. 

The  first  two  tests,  as  depicted  in  Table  VIII,  were  conducted  to  duplicate  the 
Government-supplied  data.  For  the  first  test,  the  holes  in  the  platen  were  edge- 
broken,  and  for  the  second  test  the  holes  were  chamfered.  All  other  variables 
were  the  same.  The  mean  pull  load  for  the  first  test  was  approximately  150  pounds 
above  the  pull  load  for  the  second  test.  The  pull  load  utilizing  the  platen  with  Just 
the  hole  edges  broken  reproduced  the  Government  data  within  a  reasonable 
tolerance. 

Table  XI  (page  91 )  was  constructed  for  the  purpose  of  delineating  the  wire  ulti¬ 
mate  tensile  strength  for  the  particular  wire  sizes  under  consideration.  The 
various  diameter  wires  were  pulled  to  destruction;  their  ultimate  intensities  are 
tabulated  in  column  2  of  the  table.  The  ultimate  loads  depicted  in  column  3, 
titled  ”80  percent  of  Ultimate  Load",  arc  considered  to  be  pertinent  load  limiter 
working  loads  that  will  provide  a  reasonable  factor  of  safety.  This  is  attributed 
to  the  fact  that  the  failure  load  of  a  wlr  ^-platen  combination  has  been  found  to 
result  in  a  slightly  lower  intensity  than  the  ultimate  strength  of  the  wire. 

STRAP  DEVICE  WITH  SELF-STORING,  WIRE -BENDING  ENERGY  ABSORBERS 
(LOAD  LIMITERS) 

From  the  above  analytical/ experimental  study,  a  self-storing,  wire-bending 
energy  absorber  was  adopted.  This  concept  has  provisions  for  a  storage  area 
capable  of  containing  the  number  of  wires  required  to  pull  through  the  platen  at 
an  intensity  of  5,000  pounds  for  the  design  stroke  of  2  feet  (see"Deslgn  Cargo 
Weights",  page  20). 

To  achieve  simplicity  and  to  minimize  weight  and  production  problems,  the  most 
promising  design  utilizes  0.105-lnch-dlameter  annealed  stainless  steel  wires 
threaded  through  a  2024-T3  aluminum  platen.  See  Figure  28.  The  runout  wires 
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Figure  28.  Strap  Device  With  Self-Storing,  Wire-Bending  Energy  Absorbers  (5,000- Pound  Rated  Capacity) 


are  stored  around  the  platen  and  around  two  guides  (each  end)  which  keep  the 
wires  from  binding  as  they  unwind.  The  above-mentioned  wire  In  combination  with 
the  platen  can  be  optimized  at  500  pounds;  therefore,  ten  wires  would  be  required 
to  achieve  a  unit  of  5.000-pound  capability.  The  hole  diameter  will  be  replaced 
with  a  1/4-lnch  slot  elongated  In  the  width  direction  of  the  platen  for  weaving  ten 
wires,  with  five  wires  woven  In  one  direction  and  fl^e  In  the  opposite  direction 
as  depicted  In  the  figure.  The  hole  spacing  Is  3/4  Inch  and  the  platen  thickness  is 
1/4  Inch.  The  first  working  hole  edge  nearest  the  tongue,  or  leading  hole  edge,  has 
Its  edge  rounded  (contoured  to  a  1/8-inch  radius).  The  other  edges  are  rounded 
to  a  5/64-inch  radius.  These  radii  are  a  result  of  testing  units  capable  of  storing 
8  inches  of  stroke  as  requested  by  the  Government.  The  tested  units  require  one 
set  of  guides  at  one  end  of  the  platen  only.  It  is  felt  that  back  tension  on  the 
guides  has  contributed  to  the  total  load  In  excess  of  the  desired  Intensity.  Con¬ 
sequently,  the  use  of  guides  at  both  ends  of  the  platen  for  a  24-inch  storing  stroke 
will  require  adjustments  In  bole  spacing,  hole  size,  number  of  holes,  and  wire 
size.  Such  changes  deemed  necessary  will  be  accomplished  In  order  that  the 
load  effect  due  to  the  storage  area  Is  a  small  percentage  of  the  design  load. 

To  protect  the  wires  and  platen  from  Inadvertent  damage  due  to  handling,  the 
load  limiter  Is  potted  In  polyurethane.  A  mylar  polyester  film  In  sheet  form  is 
wrapped  over  the  unit  prior  to  potting,  which  will  allow  the  wire  to  move  freely 
under  load.  In  turn,  the  polyurethane  cover  will  keep  the  wires  In  its  formed  posi¬ 
tion  as  It  unwraps  around  the  guides.  No  appreciable  load  will  be  realized  when 
the  wires  are  contained  In  the  above  described  manner. 

Pre-pulling  of  the  device  approximately  1  Inch  prior  to  Installation  of  the  tongue 
and  potting  will  tighten  the  wire  Into  place  and  eliminate  any  peak  load  that  may  be 
realized  during  operation. 

A  Dacron  web  tie-down  device  will  be  attached  In  series  with  two  self-storing, 
wire-bending  energy  absorbers.  Already  a  production  Item  In  tie-down  devices, 
its  elongation  characteristic  is  approximately  2.5 percent  at  5,000-pound  capacity 
when  reacting  to  dynamic  Impact  conditions.  Under  static  loading.  Dacron  has 
about  a  5.2-percent  elongarlon  at  5,000-pound  capacity.  The  capacity  of  the  web 
device  with  fittings  should  be  capable  of  5,000  pounds,  which  is  compatible  with 
the  preponderance  of  Army  aircraft  floor  tie-down  fittings.  The  relatively  few' 
floor  fittings  available  at  10,000-pound  capacity  do  not  warrant  10,000-pound- 
capacity  restraint  devices  because  of  the  Inherent  elasticity  problem  (page  14), 
which  is  a  result  of  mixing  variant  strength  restraint  devices.  These  devloes  are 
pre-tens ioned  to  a  small  percentage  of  the  device  capacity  by  use  of  a  standard 
ratchet  device. 

The  above  discussed  self-storing,  wire- bending  energy  absorber  can  be  easily 
augmented  to  a  10,000-pound  rated  capacity.  Two  platens  can  be  mounted,  one 
above  the  other,  and  the  runout  wire  will  be  wrapped  around  both  platens  Instead 
of  one.  See  Figure  29.  All  other  aspects,  both  physical  and  operational,  are  the 
same  as  the  single  platen  unit.  However,  a  10,000-pound-capacity  Dacron  tie- 
down  device,  Including  the  end  fittings ,  Is  required  to  complete  the  restraint 
system. 
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The  Dacron  tie-down  derice  Is  detachable  from  the  load  limiters.  A  need  for  this 
may  arise  when  one  end  of  the  restraint  device  is  wrapped  around  the  axle  of  a 
Jeep  and  the  other  end  attached  to  a  floor  fitting.  One  load  limiter  is  used,  whloh 
is  at  the  floor  end.  In  addition,  replacement  of  any  of  the  separate  parts  can  be 
accomplished  without  replacing  the  complete  restraint  device. 

Other  configurations  of  the  wire- bending  energy  absorber  that  have  been  consid¬ 
ered  to  have  some  merit  are  discussed  in  Appendix  n. 

Five-  and  ten-thousand-pound  units  were  designed,  fabricated,  and  static  tested. 
These  tested  units  were  the  basic  energy  absorbers  without  the  strap  device  and 
end  snap  hooks.  In  addition,  they  were  designed  for  an  3-inch  stroke  as  requested 
by  the  Government.  The  results  of  the  tests,  with  photographic  coverage,  are 
depicted  in  Appendix  m. 

STRAP  DEVICE  WITH  TUBE-BALL  ENERGY  ABSORBERS  (LOAD  LIMITERS) 

The  strap  device  to  be  utilized  with  the  tube-ball  load  limiters  is  the  same  as  the 
one  discussed  in  the  previous  section.  The  tube-ball  energy  absorbers  can  be  used 
In  place  of  the  self-storing,  wire-bending  energy  absorbers. 

The  tube-ball  load  limiter  Is  basically  a  tube  with  an  Inserted  ball.  See  Figure  30. 
When  the  ball  and  tube  are  loaded  to  5,000  pounds,  the  ball  Is  pulled  through  the 
tube,  deforming  the  wall  of  the  cylinder.  The  design  stroke  will  be  limited  to  2 
feet.  The  total  cargo  stroke  will  be  the  combined  load  limiter  stroke  and  webbing 
deflection.  The  ball  will  be  swaged  to  a  1/4- inch-diameter  steel  cord,  which  will 
extend  through  the  end  of  the  tube.  This  end  of  the  steel  cord  Is  swaged  to  a 
shackle  or  eye  hook  for  attachment  to  the  end  fitting  of  the  webbing  device.  At  the 
same  end  of  the  tube  where  the  ball  is  located,  a  fitting  is  designed  to  facilitate  a 
snap  hook  to  tie  to  floor  fittings. 

A  10,000-pound  tube-ball  energy  absorber  can  be  obtained  by  redesigning  the  ball, 
tube,  and  all  pertinent  parts  that  have  to  be  augmented  from  5,000-  to  10,000- 
pound  capacity.  The  load  limiter  would  take  the  same  physical  shape  and  be  as 
operable  as  the  5,000-pound  unit.  The  strap devloe  would  also  be  of  10,000-pound 
rated  capacity. 

STRAP  DEVICE  WITH  ENERGY  ABSORBERS  (LOAD  LIMITERS)  AND  PULLEYS 


A  means  of  obtaining  a  10,000-pound-oapacity  restraint  system  with  the  use  of 
5,000-pound-capacity  energy  absorbers  is  accomplished  by  utilizing  a  Dacron 
type  tie-down  strap  attached  to  pulleys  at  each  end.  Each  pulley  is  linked  to  two 
energy  absorbers  by  a  steel  cord  with  snap  hooks.  See  Figures  31  and  32. 

Since  each  load  limiter  devloe  will  be  of  5,000-pound  capacity,  the  capacity  of  the 
webbing  with  fittings  will  have  to  be  capable  of  10,000  pounds.  The  Dacron  web 
devloe  previously  discussed  is  applicable. 


40 


I 


41 


\ 

I 


41 


The  pulley  distributes  the  dynamic  load  from  the  cargo  to  the  energy  absorbers. 
Figure  33  depicts  one  end  of  the  restraint  device  tied  to  two  ad'acent  tie-down 
fittings.  Neglecting  the  fact  that  the  total  restraint  will  advantageously  rotate 
downward  as  the  oargo  moves  forward,  the  maximum  load  reacted  by  the  webbing 
restraint  (10,000  pounds)  will  have  distributed  evenly  to  each  energy  absorber 
(5,000  pounds)  through  the  steel  cord.  This  is  attributed  to  the  fact  that  the  cord 
leading  from  each  load  limiter  will  be  of  equal  stra;  .  This  is  accomplished  by 
rotation  of  the  pulley  as  the  webbing  restraint  deflects.  Wh^m  the  restraint  device 
rotates  downward  with  forward  cargo  movement,  the  device  tends  to  approach  the 
longitudinal  direction;  consequently,  it  affords  greater  forward  restraint. 

The  webbing  device,  energy  absorbers,  and  pulley  system  are  detachable  items. 
The  purpose  is  to  be  able  to  connect  the  webbing  and  energy  absorbers  as  a  re¬ 
straint  device  without  the  pulley  components.  In  addition,  replacement  of  any  of 
the  separate  parts  can  be  accomplished  without  replacing  the  complete  restraint 
device. 


The  pulley  distributes  the  dynamic  load  from  the  cargo  to  the  energy  absorbers. 
Figure  33  depicts  one  end  of  the  restraint  device  tied  to  two  adjacent  tie-down 
fittings.  Neglecting  the  fact  that  the  total  restraint  will  advantageously  rotate 
downward  as  the  cargo  moves  forward,  the  maximum  load  reacted  by  the  webbing 
restraint  (10,000  pounds)  will  have  distributed  evenly  to  each  energy  absorber 
(5,000  pounds)  through  the  steel  cord.  This  is  attributed  to  the  fact  that  the  cord 
leading  from  each  load  limiter  will  be  of  equal  strain.  This  is  accomplished  by 
rotation  of  the  pulley  as  the  webbing  restraint  deflects.  When  the  restraint  derice 
rotates  downward  with  forward  cargo  movement,  the  device  tends  to  approach  the 
longitudinal  direction;  consequently,  it  affords  greater  forward  resti  lint. 

The  webbing  device,  energy  absorbers,  and  pulley  system  are  detachable  items. 
The  purpose  is  to  be  able  to  connect  the  webbing  and  energy  absorbers  as  a  re¬ 
straint  device  without  the  pulley  components.  In  addition,  replacement  of  any  of 
the  separate  parts  can  be  accomplished  without  replacing  the  complete  restraint 
device. 


45 


remaining  cases,  rest  aint  was  inadequate.  The  existing  static  load  factors  cri¬ 
teria  (page  19)  still  r  iply  to  these  aircraft  directions.  Figure  36  delineates  the 
tie-down  of  two  Jeeps.  The  forward  vehicle  is  restrained  in  the  forward  direction 
by  means  of  two  straps  and  two  chains,  and  the  aft  jeep  is  restrained  only  by 
chains.  As  discussed  under  the  section  "Elasticity  Problems",  mixing  of  straps 
and  chains  is  unfavorable  because  of  the  variance  in  their  elongation  character¬ 
istics.  Also,  chain  is  u  ndesirable  for  restraint  because  the  device  may  be  respon¬ 
sive  to  high-frequency  oscillations  that  may  occur  under  crash  conditions. 

2.  Existing  Methods  with  Correct  Restraint:  It  is  obvious  from  Figures  40 
through  42  that  the  Army  is  very  much  limited  in  the  cargo  weight  that  can  be 
correctly  restrained  with  existing  methods.  The  inability  to  restrain  cargo  cor¬ 
rectly  with  existing  methods  can  be  traced  to  the  excessive  number  of  forward 
restraints  required,  predicated  on  the  equivalent  static  load  factor  of  39  g's 
(page  14). 

3.  Proposed  Strap  Device  with  Energy  Absorbers  and  Pulleys:  Figures  43 
through  52  delineate  the  proposed  strap  device  with  energy  absorbers  and  pulleys. 
The  preferred  energy  absorbers  are  the  self-storing,  wire-bending  type.  This 
design  concept  is  used  to  restrain  cargo  correctly  and  is  predicated  upon  the 
pulse  duration  envelope  criteria.  The  equivalent  static  load  factor  of  15  g's 
(page  26)  is  used  to  determine  the  forward  restraints  required. 

This  proposed  design  concept  is  capable  of  restraining  maximum  cargo  payload 
with  a  tremendous  saving  in  the  number  of  forward  restraints  used. 

OPERATIONAL  FEASIBILITY 

Operational  feasibility  demonstrates  the  techniques  as  used  and  proposed  for  a 
cargo  restraint  system.  Included  herein  are  restraint  methods,  estimated  time 
required  for  restraint,  restraint  devices,  and  floor  space  utilization. 

The  column  headings  of  Table  I,  "Operational  Feasibility",  are  defined  as  follows; 

Report  Page:  This  defines  the  location  of  the  figures  depicting  the  subject 
matter. 

Cargo  Weight:  Information  obtained  from  the  report  page  listed  under  column  2. 

Number  of  Restraint  Devices  Used:  Information  obtained  from  the  figure  listed 
on  the  report  page  shown  under  column  2. 

Equivalent  Cargo  Weight  for  Devices  Used:  The  weights  listed  for  the  existing 
Army  method  are  based  on  the  restraint  capabilities  of  the  devices.  The  weights 
listed  for  the  existing  method  with  correct  restraint  and  for  the  proposed  strap 
device  with  load  limiters  and  pulleys  are  based  on  the  actual  cargo  weights.  In 
some  cases,  the  actual  cargo  weights  are  lower  than  the  restraint  system  capa¬ 
bilities  as  calculated,  but  the  nominal  value  was  used  for  comparison  purposes. 
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Equalizing  Factor:  An  equalising  factor  Is  a  method  of  rationalizing  the  values 
in  columns  7,  10,  13,  15,  and  17.  The  equalizing  factor  Is  derived  by  dividing  the 
values  of  column  5  by  the  values  of  column  3.  This  is  an  attempt  to  align  the 
Army  restraint  method  results  with  those  achieved  by  the  other  restraint  methods 
so  that  an  equable  comparison  can  be  made. 

Method  Effectiveness:  Method  effectiveness  Is  a  measure  of  the  relative  re¬ 
straint  capabilities  of  the  three  cargo  restraint  techniques.  This  value  is  computed 
by  dividing  the  values  in  column  €  by  those  in  column  4  and  then  by  multiplying 
by  a  rationalizing  factor.  This  factor  is  used  solely  to  present  the  values  of  the 
method  effectiveness  column  as  nonfractlonal  numbers. 

Space  Occupied,  Cargo  and  Tie-Down  Devices:  The  column  represents  that  por¬ 
tion  of  the  cargo  compartment  floor  space  obscured  by  the  cargo  and  its  tie-down 
devices.  See  Figure  34. 


Cargo 


Tie-down  device 


area  obscured  by  cargo  and  devices 


Figure  34.  Aircraft  Floor  Space  Occupied  by  Cargo  and  Tie-Down  Devices 

Cargo  Space  Occupied:  This  is  the  space  actually  obscured  by  the  cargo  (see 
Figure  34). 

Space  Effectiveness:  This  Is  the  ratio  of  the  cargo  and  restraint  area  to  the 
cargo  floor  area.  The  values  are  obtained  by  dividing  the  values  of  column  9  by 
the  values  of  column  8  and  then  by  multiplying  the  result  by  the  values  of  column 
6  and  a  rationalizing  factor. 

Tie-Down  Fittings  Unused  After  Restraint:  Found  by  examination  of  the  figures 
on  the  pages  listed  under  the  column  "Report  Page."  When  pallets  are  used,  the 
number  of  floor  fittings  covered  by  the  pallets  must  be  counted  among  those  used. 

Floor  Fittings  Before  Restraint:  These  are  the  basic  floorfittlngs  provided  for 
cargo  tie-down.  The  number  of  floor  fittings  will  vary,  depending  on  whether  the 
roller  conveyors  are  Installed. 

Tie-Down  Fitting  Effectiveness:  The  values  of  this  column  are  determined  by 
dividing  the  values  of  column  11  by  the  values  of  column  12  and  then  by  mul¬ 
tiplying  this  result  by  the  values  of  column  6  and  a  rationalizing  factor. 
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Number  of  Unused  Devices:  The  total  number  of  devices  available  appears  on 
page  46.  The  total  number  of  devices  used  Is  shown  In  the  tables  accompanying 
Figures  35  through  52. 

Device  Effectiveness:  Device  effectiveness  is  a  means  of  evaluating  the  restraint 
technique  used.  The  values  of  this  column  are  computed  by  dividing  the  values  of 
column  14  by  the  values  of  column  4  and  then  by  multiplying  the  result  by  the 
values  of  column  6  and  a  rationalising  factor. 

Estimated  Restraint  Time:  This  Is  the  time  taken  to  restrain  cargo.  The  times 
for  the  existing  Army  restraint  methods  were  obtained  from  field  observation  and 
discussion  with  qualified  personnel.  The  times  for  the  other  restraint  techniques 
were  estimated,  based  or  the  Army  restraint  times  and  techniques. 

Estimated  Time  Effectiveness:  This  is  a  method  of  evaluating  the  effectiveness 
of  all  three  cargo  restraint  techniques.  The  values  of  this  column  are  obtained  by 
dividing  the  values  of  oolumn  6  by  the  values  of  column  16  and  then  by  multi¬ 
plying  by  a  rationalizing  factor. 

PAYLOAD  COMPARISON 

The  payload  comparison  table  (Table  II)  evaluates  the  effectiveness  of  the  strap 
device  with  load  limiters  and  pulleys  concept  as  compared  with  the  existing 
method  with  correct  restraint.  The  Army  restraint  method  was  not  delineated 
herein  because  It  does  not  represent  a  complete  restraint  system. 

The  column  headings  of  the  "Payload  Comparison"  table  are  defined  as  follows: 

Cargo  Weight:  Information  obtained  from  the  figures  on  pages  50  through  67. 

Total  Number  of  Restraint  Devices  Used:  This  heading  covers  two  columns 
entitled  "Existing  Method  with  Correct  Restraint"  and  "Proposed  Strap  Device 
with  Load  Limiters  and  Pulleys."  The  values  for  these  two  columns  are  found  In 
the  figures  on  pages  50  through  67. 

Number  of  Devices  for  Forward  Restraint:  This  heading  covers  two  oolumns 
entitled  "Existing  Method  with  Correct  Restraint"  and  "Proposed  Strap  Device 
with  Load  Limiters  and  Pulleys."  The  values  for  these  two  oolumns  are  found  In 
the  figures  on  pages  50  through  67.  These  two  oolumns  are  similar  to  the  oolumns 
mentioned  above. 

Omnidirectional  Restraint  Comparison:  This  is  a  oolumn  providing  an  index  of 
the  effectiveness  of  the  correct  restraint  techniques.  The  values  for  this  oolumn 
are  computed  by  dividing  the  values  of  oolumn  1  by  the  values  of  column  2. 

Forward  Restraint  Comparison:  This  is  a  oolumn  providing  an  Index  of  the 
effectiveness  of  the  forward  restraint  as  defined  by  the  correct  restraint  tech¬ 
niques.  The  values  for  this  oolumn  are  determined  by  dividing  the  values  of 
oolumn  3  by  the  values  of  oolumn  4. 


49 


RESTRAINT  DEVICE 

CODE 

Direction 
of  Restraint 

Forward 

Aft 

Side 

Vertical 

Forward  Group 

Devices 

Used 

Cargo  Wt. 

Midship  Group 

3  8 

1 

1  6 

1  6 

Devices 

« 

4 

2 

2  7 

2  7 

8 

5 

3  8 

3  8 

Used 

Straps 

6 

4 

4 

Cargo  Wt  2,665  lb 

7 

5 

5 

Aft  Group 

Devices  , 
Used 

* 

m 

Cargo  Wt.. 

TOTAL  OF  RESTRAINT  DEVICES  =  8 
Figure  35.  Restraint  of  1/4-Ton  Utility  Truck  Using  Existing  Army  Methods 
(Cargo  Weight.  2,665  Pounds;  Air  Transported) 
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RESTRAINT  DEVICE  CODE 

Direction 
of  Restraint 

Forward 

Aft 

Side 

Vertical 

Forward  Group 

3 

4 

a  5C 

8  6C 

1 

2 

1  6C 

2 

3 

4 

5C 

1  6C 

2 

3 

4 

5C 

Devices 

Used 

2  Chali 
4  Straj 

Cargo  Wt  2,665  lb 

Midship  Group 

9C 

10C 

11C 

12  C 

7  C 
8C 

7C12C 

8C 

9C 

10C 

UC 

7C  12C 
8C 

9C 

10C 

11C 

Devices 

Used 

f 

6 

Chaim 

• 

Cargo  Wt  2.665  lb 

Aft  Group 

Devices  < 
Used 

» 

m 

Cargo  Wt. 

TOTAL  OF  RESTRAINT  DEVICES  =  12 
C  -  CHAIN 

Figure  36.  Restraint  of  1/4- Ton  Utility  Truck  Using  Existing  Army  Methods 
(Cargo  Weight,  5,350  Pounds;  Air  Transported) 
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CARIBOU  FLOOR  PLAN 


TOTAL  OF  RESTRAINT  DEVICES  =  1 
D  «  STRAP  DOUBLED  FOR  2  x  CAPACITY 
Figure  37.  Restraint  of  Seven  55-Gallon  Drums  Using  Existing  Army  Methods 
(Cargo  Weight,  2,513  Founds;  Air  Transported) 
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Figure  38. 
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CARIBOU  FLOOR  PLAN 


RESTRAINT  DEVICE 

CODE 

Direction 
of  Restraint 

Forward 

Aft 

Side 

Vertical 

Forward  Group 

Devices 

Used  [ 

Cargo  Wt. 

3  8 

1 

1  6 

1  6 

Devices  8 

4 

2 

2  7 

2  7 

5 

3  8 

3  8 

Used  Straps 

6 

4 

4 

7 

5 

5 

Aft  Group 

Devices  J 

Used  \ 

Cargo  Wt. 

TOTAL  OF  RESTRAINT  DEVICES  =  8 
Restraint  of  1/4-Ton  Utility  Truck  With  Pallet  Using  Existing  Army 
Methods  (Cargo  Weight,  2,665  Pounds;  Air  Dropped) 
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CARIBOU  FLOOR  PLAN 


RESTRAINT  DEVICE  CODE 


Direction 
of  Restraint 


Forward  Grou 


Forward  Aft  Side  Vertical 


Devices 

Used 


Figure  39. 


TOTAL  OF  RESTRAINT  DEVICES  =  6 

Restraint  of  Se&ldbln  "70”  Container  Using  Existing  Army  Methods 
(Cargo  Weight,  3,500  Pounds;  Air  Dropped) 
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1  2,3  4,5,6  7  8,9  10,1i;i2;i3, 

CARIBOU  FLOOR  PLAN  14,15,16(2), 

17(2),*18(2) 


<2)  «  ADDITIONAL  STRAP  LENGTH  REQUIRED 


TOTAL  OF  RESTRAINT  DEVICES  =  21 


D  =  STRAP  DOUBLED  FOR  2  x  CAPACITY 


Figure  40.  Restraint  of  1/4-Ton  Utility  Truck  Using  Existing  Methods  With 
Correct  Restraint  (Cargo  Weight,  2,665  Pounds;  Air  Transported) 
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CARIBOU  FLOOR  PLAN 


RESTRAINT  DEVICE 

CODE 

Direction 
of  Restraint 

Forward 

Aft 

Side 

Vertical 

Forward  Group 

5D 

ID 

3D 

2D 

Devices 

r 

6D 

4D 

8 

7D 

Used 

Straps 

8D 

Cargo  Wt.  718  lb 

13D 

9D 

11D 

10D 

Devices 

* 

8 

14D 

15D 

16D 

12D 

Used 

Straps 

• 

[  Aft  Group 

■ 

18D 

19D 

17D 

Devices  , 
Used 

8 

Straps 

20D 

?  19 

L 

24D 

5  Cargo  Wt.  718  lb 

TOTAL  OF  RESTRAINT  DEVICES  =  24 
D  =  STRAPS  DOUBLED  FOR  2  x  CAPACITY 
Figure  41.  Restraint  of  Six  55-Gallon  Drums  Using  Existing  Methods  With 
Correct  Restraint  (Cargo  Weight,  2,154  Pounds,  Air  Transported) 
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TOTAL  OF  RESTRAINT  DEVICES  =  24  PLUS 
15  PALLETS  -  39 

D  »  STRAP  DOUBLED  FOR  2  x  CAPACITY 
Figure  42.  Restraint  of  Thirty-Six  81-mm  Cartridge  Boxes  Using  Existing 
Methods  With  Correct  Restraint  (Cargo  Weight,  1,800  Pounds;  Air  Transported) 
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1.2  3,4  5  «.7’ 

CARIBOU  FLOOR  PLAN 


RESTRAINT  DEVICE 

CODE 

Direction 
of  Restraint 

Forward 

Aft 

Side 

Vertical 

Forward  Group 

Devices 

Used 

Cargo  Wt. 

6D 

1 

3D 

1 

Devices 

Used 

* 

7 

Straps 

» 

7D 

2 

4D 

2 

5D 

Aft  Group 

Devices  i 
Used 

L 

 i  ■ 

TOTAL  OF  RESTRAINT  DEVICES  =  7 

Figure  43.  Restraint  of  1/4- Ton  Utility  Truck  Using  Proposed  Strap  Device  With 
Energy  Absorbers  and  Pulllys  (Cargo  Weight,  2,665  Pounds;  Air  Transported) 
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4,3  6  7,8  9  10 

CARIBOU  FLOOR  PLAN 


RESTRAINT  DEVICE 

CODE 

Direction 

of  Restraint 

Forward 

Aft 

Side 

Vertical 

Forward  Group 

4D 

ID 

2D 

ID 

Devices 

6 

5D 

3D 

6D 

Used 

Straps 

Cargo  Wt.  2,665  lb 

Midship  Group 

11D 

9D 

7D 

9D 

Devices 

* 

6 

12D 

8D 

10D 

Used 

Straps 

» 

Cargo  Wt.  2,665  U) 

Aft  Group 

Devices  , 
Used 

Cargo  Wt. 

TOTAL  OF  RESTRAINT  DEVICES  =  12 
D  =  STRAP  DOUBLED  FOR  2  x  CAPACITY 
Figure  44.  Restraint  of  Two  1/4-Ton  Utility  Truoks  Using  Proposed  Strap  Device 
With  Energy  Absorbers  and  Pulleys  (Cargo  Weight.  5,330  Pounds;  Air  Transported) 
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CARIBOU  FLOOR  PLAN 


RESTRAINT  DEVICE 

CODE 

Direction 
of  Restraint 

Forward 

Aft 

Side 

Vertical 

Forward  Group 

5D 

ID 

2D 

3D 

ID 

4 

Devices 

7 

6D 

Used 

Straps 

7D 

Cargo  Wt.  3,750  lb 

Midship  Group 

13D 

11 

10D 

Devices 

p 

8 

14D 

12 

m 

Used 

Straps 

L _ 

15D 

Cargo  Wt.  3,750  D) 

■ 

Aft  Group 

Devices  , 
Used 

L 

Cargo  Wt. 

TOTAL  OF  RESTRAINT  DEVICES  =  15 
D  »  STRAP  DOUBLED  FOR  2  x  CAPACITY 
Figure  45.  Restraint  of  Two  1/4-Ton  Utility  Trucks  Using  Proposed  Strap  Device 
With  Energy  Absorbers  and  Pulleys  (Cargo  Weight,  7,500  Pounds;  Air  Transported) 
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CARIBOU  FLOOR  PLAN 


RESTRAINT  DEVICE  CODE 


Direction 
of  Restraint 

Forward 

Aft 

Side 

Vertical 

Forward  Group 

7D 

ID 

2D 

ID 

Devices 

r  e 

8D 

4D 

3D 

4D 

Used 

Straps 

Cargo  Wt.  2,665  lb 

12 

5D 

9D 

e 

Devices 

9 

7 

13 

10D 

11D 

Used 

Straps 

• 

Aft  Group 

ip  w""'  ■ 

■ 

111 

1  - 

TOTAL  OF  RESTRAINT  DEVICES  =  13 
D  «  STRAP  DOUBLED  FOR  2  x  CAPACITY 
Figure  46.  Restraint  of  1/4-Ton  Utility  Truck  With  Rooket  and  Trailer  Using 
Proposed  Strap  Device  With  Energy  Absorbers  and  Pulleys  (Cargo  Weight,  4,054 

Pounds;  Air  Transported) 
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TOTAL  OF  RESTRAINT  DEVICES  =  15 
D  =  STRAPS  DOUBLED  FOR  2  x  CAPACITY 
Figure  47.  Restraint  of  Six  55-Gallon  Drums  Using  Proposed  Strap  Device  With 
Energy  Absorbers  and  Pulleys  (Cargo  Weight,  2,154  Pounds;  Air  Transported) 
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1  2.3-T5  6  7  8,9  10  IT  12 

CARIBOU  FLOOR  PLAN 


TOTAL  OF  RESTRAINT  DEVICES  =  12 
D  -  STRAPS  DOUBLED  FOR  2  x  CAPACITY 
Figure  48.  Restraint  of  Twelve  55-Gallon  Drums  Using  Proposed  Strap  Device 
With  Energy  Absorbers  and  Pulleys  (Cargo  Weight,  4,308  Pounds;  Air  Transported) 
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CARIBOU  FLOOR  PLAN 


RESTRAINT  DEVICE  CODE 


Direction 

of  Restraint 

Forward 

Aft 

Side 

Vertical 

Forward  Group 

5D 

ID 

3D 

2D 

Devices 

Used 

'  5 

Straps 

4D 

Cargo  Wt.  600  lb 

Midship  Group 

10D 

6D 

7D 

Devices 

Used 

' 5 
Straps 

H 

Cargo  Wt.  600  lb 

Aft  Group 

15D 

11D 

12D 

13D 

Devices  , 
Used 

5 

Straps 

14D 

Cargo  Wt.  600  lb 

TOTAL  OF  RESTRAINT  DEVICES  =  16  PLUS 
15  PALLETS  -  30 

D  «  STRAPS  DOUBLED  FOR  2  X  CAPACITY 
Figure  49.  Restraint  of  Thirty-Six  81 -mm  Cartridge  Boxes  Using  Proposed  Strap 
Derlce  With  Energy  Absorbers  and  Pulleys  (Cargo  Weight,  1,800  Pounds;  Air 

Transported) 
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TOTAL  OF  RESTRAINT  DEVICES  =  18 

D  =  STRAPS  DOUBLED  FOR  2  x  CAPACITY 
Figure  50.  Restraint  of  One  Hundred  and  Eight  81-mm  Cartridge  Baxes  Using 
Proposed  Strap  Device  With  Energy  Absorbers  and  Pulleys  (Cargo  Wel^ut,  5,400 

Pounds;  Air  Transported) 
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CARIBOU  FLOOR  PLAN 


Direction 
of  Restraint 


RESTRAINT  DEVICE  CODE 


Forward  Aft  Side  Vertical 


Forward  Grou 


Wt.  2,665  lb 


Aft  Grou 


4 

ID 

2D 

ID 

5 

3D 

6 

7 

8 

TOTAL  OF  RESTRAINT  DEVICES  =  8 
D  -  STRAPS  DOUBLED  FOR  2  x  CAPACITY 
Figure  51.  Restraint  of  1/4-Ton  Utility  Truck  With  Pallet  Using  Proposed  Strap 
Device  With  Energy  Absorbers  and  Pulleys  (Cargo  Weight,  2,865  Pounds;  Air  Dropped) 
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CARIBOU  FLOOR  PLAN 


RESTRAINT  DEVICE 

CODE 

Direction 
of  Restraint 

Forward 

Aft 

Side 

Vertical 

Forward  Group 

Devices 

Used 

[  Cargo  Wt. 

4D 

1 

1 

3 

Devices 

IB 

7 

g 

2 

2 

5 

Used 

9 

6 

[  Aft  Group 

1 

» 

TOTAL  OF  RESTRAINT  DEVICES  =10 

D  -  STRAPS  DOUBLED  FOR  2  x  CAPACITY 
Figure  52.  Restraint  of  Sealdbln  "70"  Container  With  Pallet  Using  Proposed  Strap 
Derloe  With  Energy  Absorbers  and  Pulleys  (Cargo  Weight,  3,500  Pounds  j  Air  Dropped) 
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1  of  Truck,  Utility,  1/4  Ton,  4x4,  M38A1  and  M38A1C  - 
Air  Transported. 

1.  Existing  Army  Restraint  Method 

50 

2,665 

8 

266 

266 

2.  Existing  Method  with  Correct  Restraint 

55 

2,665 

21 

2,665 

2,665 

3.  Proposed  Strap  Device  w/Load  Limiters  &  Pulleys 

2  of  Truck,  Utility,  1/4  Ton,  4x4,  M38A1  and  M38A1C- 
Air  Transported. 

58 

2,665 

7 

2,665 

2,665 

1,  Existing  Army  Restraint  Method 

51 

5,330 

12 

small 

small 

2.  Existing  Method  with  Correct  Restraint 

** 

- 

- 

- 

- 

3.  Proposed  Strap  Device  w/Load  Limiters  &  Pulleys 

1  each  of  Truck,  Utility,  1/4  Ton,  4x4,  M38A1  and  M38A1C, 
and  Rocket,  318MM-M51  &  Trailer  XM420-Air  Transported. 
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5,330 

12 

5,330 

5,330 

1.  Existing  Method  with  Correct  Restraint 

** 

- 

- 

- 

2.  Proposed  Strap  Device  w/Load  Limiters  &  Pulleys 
Drums  -  55  Gallon  -  Air  Transported. 
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4,054 

13 

4,054 

4,054 

Ismail 

1.  Existing  Army  Restraint  Methods 

52 

2,513 

1 

small 

2.  Existing  Method  with  Correct  Restraint 

56 

2,154 

24 

2,154 

2,154 

3.  Proposed  Strap  Device  w/Load  Limiters  &  fhilleys 
Cartridge  Boxes,  81MM,  M43A1  -  Air  Transported. 

63 

4,308 

12 

4,308 

4,308 

1.  Existing  Method  with  Correct  Restraint 

57 

1,800 

24 

1,800 

1,800 

2.  Proposed  Strap  Device  w/Load  I  imiters  &  Pulleys 

1  of  Truck,  Utility,  1/4  Ton,  4x4,  M3PA1  and  M38A1C  - 
Air  Drop. 

65 

5,400 

18 

5,400 

5,400 

1.  Existing  Army  Restraint  Method 

53 

2,665 

8 

210 

210 

2.  Existing  Method  with  Correct  Restraint 

** 

- 

- 

- 

- 

3.  Proposed  Strap  Device  w/Load  Limiters  &  Pulleys 

1  of  Sealdbin  "70"  Container  -  Air  Drop. 
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2,665 

8 

2,665 

2,665 

1.  Existing  Army  Restraint  Method 

54 

3,500 

6 

235 

235 

2.  Existing  Method  with  Correct  Restraint 

** 

- 

- 

- 

~ 

3.  Proposed  Strap  Device  w/Load  Limiters  &  Pulleys 

67 

3,500 
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3,500 

2,500 
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COST  AND  WEIGHT  OF  EXISTING  AND  PROPOSED  RESTRAINT  SYSTEMS 


Listed  In  Table  HI  are  the  actual  and  estimated  cost  and  weights  of  the  existing 
restraint  devices  and  strap  device  with  energy  absorbers  and  pulleys.  All  Items 
Listed  are  individual  parts,  and  the  costs  are  based  on  production  Items. 


TABLE  HI 

COST  AND  WEIGHT  OF  EXISTING  AND  PROPOSED  RESTRAINT  SYSTEMS 


No.  Required 

Item 

Cost  ($) 

Weight  (lb) 

per  Aircraft 

per  Item 

per  Item 

20 

Existing  web  tie-down  device  MC-1 

8.50* 

3.5* 

6 

Existing  chain  tie-down  device  MB-1 

23.50* 

11.0* 

6 

Proposed  D  -cron  strap  device 

20.00+ 

y.o+ 

24 

Proposed  seif-storlng,  wire-bending 
energy  absorber  (for  cost  breakdown 
see  Appendix  V) 

35.00+ 

2.3* 

12 

Proposed  pulley  assembly 

2.50+ 

2.5+ 

♦Actual 

+ Estimated  on  production  of  2,000  energy  absorbers,  500  straps,  and  1,000 
pulleys. 


ANALYSIS 


The  most  critical  shortcoming  of  the  existing  Army  restraint  technique  Is  due 
to  Insufficient  restraint  for  the  considered  cargo  weight.  In  the  cases  studied, 
Figures  36  through  39,  It  was  found  that  the  existing  restraint  method  resulted  In  a 
range  of  little  or  no  restraint  to  10  percent  of  Its  required  restraint.  See  column 
6,  Table  I,  based  on  the  pulse  duration  envelope  criteria  given  on  page  19.  This  Is 
primarily  due  to  Insufficient  restraint  in  the  forward  direction.  A  particular  case, 
shown  In  Figure  36,  delineates  two  vehicles  restrained  by  mixing  chain  and  web 
devices.  This  resulted  In  Improper  restraint  in  practically  all  the  restraint  direc¬ 
tions.  Because  of  the  large  differences  in  the  elongation  percentages,  the  chain 
devices,  for  the  considered  load  factors,  are  loaded  to  their  rated  capacity,  while 
the  web  devices  are  loaded  to  an  estimated  6  percent  of  their  rated  capacity.  See 
the  section  entitled  "Elasticity  Problems",  page  14.  Combining  these  devices  for 
restraint  In  a  given  direction  results  In  extreme  degradation  of  the  restraint  sys¬ 
tem.  In  addition,  chain  devices  are  relatively  Inelastic  and,  therefore,  are  respon¬ 
sive  to  high-frequency  oscillations  that  may  occur  when  the  input  acceleration 
pulse  is  imparted  to  the  aircraft.  This  is  important  to  keep  In  mind  because  the 
crew  is  not  afforded  any  protection.  Of  all  the  cargo  delineated  In  Figures  35 
through  39,  the  55-gallon  drums  as  restrained  by  the  existing  method  seem  to  have 
little,  if  any,  restraint  except  for  the  vertical  direction. 


72 


For  existing  methods  with  correct  restraint,  the  tie-down  devices  shou.  \  be  lo¬ 
cated  so  that  a  minimum  of  devices  will  properly  restrain  the  cargo  in  all  the 
pertinent  restraint  directions.  Each  device  will  then  be  capable  of  some  restraint 
in  the  forward,  aft,  vertical,  and  lateral  directions.  See  the  section  entitled 
"Optimum  Loading  Condition",  page  17.  In  a  majority  of  cases,  it  is  impossible  to 
achieve  these  angles  because  of  cargo  shape,  mass  distribution,  availability  of 
cargo  attachment  locations,  and  distribution  of  aircraft  floor  fittings.  For  prac¬ 
tical  purposes,  it  is  necessary  to  consider  each  piece  of  cargo  separately. 

The  basic  restraint  problem  lies  in  the  forward  direction.  This  is  evident  when 
inspecting  Figure  40,  delineating  an  Army  Jeep  with  correct  restraint.  Predicated 
on  the  pulse  duration  envelope  criteria,  seventeen  forward  restraints  are  re¬ 
quired,  versus  four  for  the  other  restraint  directions.  Because  a  large  number  of 
forward  restraints  are  required,  the  distribution  of  aircraft  floor  fittings  is  such 
that  variant  restraints  of  sizeable  lengths  will  be  utilized.  Therefore,  it  is  appar¬ 
ent  that  the  elasticity  effects  of  variant  lengths  have  been  considered  (see  section 
entitled  "Elasticity  Problems")  and  account  for  41 -percent  additional  forward  re¬ 
straint  devices.  The  Army  Jeep  covers  about  36  percent  of  the  floor  area;  with  the 
addition  of  tie-down  devices,  it  covers  90  percent.  In  other  words,  the  vehicle  and 
the  tie-down  devices  together  cover  2.5  times  more  area  than  the  vehicle  alone. 
It  is  obvious  that  the  devices  utilize  valuable  cargo  space  when  c*rgo  is  com¬ 
pletely  restrained,  which  is  mainly  important  in  both  the  forward  and  aft  direc¬ 
tions. 

The  weights  that  are  correctly  restrained  by  the  existing  method  are  1,800,  2,154, 
and  2,665  pounds;  this  ranges  from  24  to  35  percent  of  the  maximum  cargo  pay- 
load,  which  is  7,500  pounds  for  the  Caribou  aircraft.  No  additional  weight  can  be 
added  and  restrained  securely  because  of  the  limitations  of  floor  tie-down  fittings. 

If  air  transported,  the  minimum  weight  cargo  restrained  is  cartridge  boxes  (see 
Figure  42).  A  total  of  thirty-six  boxes  is  capable  of  being  correctly  restrained  in 
groups  of  twelve.  Pallets  or  plywood  platforms  aroused  against  the  sides  and  tops 
of  the  boxes  to  reduce  the  number  of  tie-down  devices  to  augment  their  effective¬ 
ness.  Elimination  of  the  plywood  pieces  would  require  that  the  total  number  of 
boxes  be  reduced  in  order  to  obtain  correct  restraint.  Any  group  is  sufficiently 
separated  from  another  to  permit  the  correct  application  of  restraint  by  tie-down 
devices.  To  utilize  the  devices  at  optimum  angles,  the  cargo  and  tie-down  devices 
covered  about  seven  and  a  half  times  as  muoh  floor  area  as  the  cargo.  See 
columns  8  and  9  of  Table  I.  This  shows  how  inefficient  the  existing  method  can  be 
in  restraining  cargo. 

The  time  to  rig  and  derlg  cargo,  shown  in  Table  1,1s  estimated  at  20  mirutes.  This 
restraining  time  required  can  be  attributed  to  crawling  under  the  vehicle  to  attach 
the  tie-down  devices  to  the  axles  and  to  passing  the  devices  around  the  cartridge 
boxes  and  55-gallon  drums,  in  addition  to  attaching  two  devices  together  to  make 
a  longer  device.  Also,  for  proper  restraint,  most  of  the  available  devioes  are 
used. 

Vehicle-type  cargo  rigged  air-drop  operations  is  incapable  of  oorrect  re¬ 
straint  with  the  existing  i  '  d.  For  air-drop  operations,  cargo  on  pallets  and 
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roller  conveyors  covers  up  about  47  percent  of  the  aval,  ole  floor  fittings.  The 
number  of  required  restraints  Is  In  excess  of  the  number  of  floor  fittings  avail¬ 
able  In  both  the  forward  and  aft  directions  of  the  cargo.  For  the  cartridge  boxes 
and  55-gallon  drums,  restraint  for  air-drop  operations  is  feasible  at  a  total  weight 
much  less  than  those  shown  for  air-transported  operations. 

From  the  above  discussion,  the  following  criteria  should  be  considered  in  de¬ 
signing  a  cargo  restraint  system: 

1.  Avoid  differential  elongation  between  chains  and  straps. 

2.  Design  a  system  which  negates  the  problems  inherent  in  achieving  total  re¬ 
straint. 

3.  Completely  restrain  maximum  cargo  weights. 

4.  React  the  forward  g  load  with  a  minimum  of  restraint  devices. 

5.  Permit  additional  floor  space  and  cargo  weight  utilization. 

6.  Reduce  the  number  and  types  of  tie-down  devices  fcr  cargo  restraint. 

7.  Provide  rapid  and  simple  installation  along  with  a  quick  method  of  derlgg- 
Ing  cargo  for  air-transport  and  air-drop  operations. 

8.  Minimize  the  number  of  fittings  used  in  the  installation,  and  do  not  modify 
the  airframe  in  any  case. 

9.  Keep  design  concept  weight  to  a  minimum,  and  use  a  rugged  construction 
capable  of  reacting  cargo  loads  based  on  the  pulse  duration  envelope 
criteria. 

10.  Consider  the  possible  cargo  C.G.  location. 

11.  Have  design  universally  applicable  to  all  Army  aircraft. 

12.  Design  for  sturdiness  to  withstand  abuse  inherent  in  cargo  handling  environ¬ 
ment. 

The  strap  device  with  energy  absorbers  and  pulleys  is  the  concept  that  appears  to 
be  most  capable  of  meeting  the  requirements  of  the  above  criteria.  See  page  40. 
The  recommended  energy  absorbers  are  the  self-storing,  wire-bending  type. 

An  optimum  designed  self-storing,  wire-bending  energy  absorber  is  one  that  will 
utilize  to  the  fullest  extent  the  variables  associated  in  a  plausible  combination  of 
wires  and  platen.  The  experimental  data  in  Tables  IV  through  IX,  Appendix  I, 
show  that  the  optimum  mean  wire  pull  load  can  be  attained  when  the  minimum 
hole  diameter  and  hole  spacing  on  the  platen  are  utilized.  This  assumes  that  all 
other  variables  are  the  same.  This  is  a  result  of  maximum  bending  of  the  wire 
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after  the  wire  la  threaded  through  the  platen.  The  greater  the  bend,  the  greater 
the  force  required  to  pi'll  the  wire  through  the  platen  holes.  It  can  also  be  shown 
that  by  increasing  the  platen  hole  diameter  and/or  hole  spacing,  the  mean  pull 
load  will  decrease.  By  Increasing  the  wire  diameter  and  platen  thickness,  the  load 
will  Increase;  the  converse  Is  also  true. 

For  the  data  presented,  the  holes  used  in  the  platen  were  either  broken  at  the  edges 
or  chamfered,  or  the  edges  were  polished  to  a  rounded  contour.  It  can  be  seen 
from  testo  numbers  1  and  2  (Table  VII)  that  the  mean  pull  losd  will  be  of  less 
intensity  if  platens  with  chamfered  holes  areused  rather  than  platens  with  broken 
hole  edges.  Also,  tests  numbers  90  and  127  show  that  the  pull  load  intensity  will 
be  further  decreased  if  the  platen  considered  has  hole  edges  which  are  polished  to 
a  rounded  contour  Instead  of  chamfered.  This  Is  attributed  to  the  fact  that  the  con¬ 
tour  of  the  hole  edge  becomes  wider  when  polished  than  if  just  chamfej  ed.  There¬ 
fore,  the  bend  radius  of  the  wire  between  holes  is  increased;  this  results  in  a 
decreased  pull  load  during  operation.  However,  tests  numbers  2  and  126  show  that 
the  mean  pull  load  developed  with  polished  holes  was  greater  than  the  mean  pull 
load  utilizing  a  platen  with  chamfered  holes.  This  contradiction  to  the  above  state¬ 
ment  can  be  attributed  to  the  fact  that  less  hole  edge  polishing  was  utilized  for 
this  specimen.  It  Is  then  realized  that,  by  close  scrutiny  of  polished  holes  in 
platens,  a  desired  tolerance  of  workable  loads  can  be  achieved  during  operation. 
This  is  also  true  for  the  load  limiters  with  the  other  hole  conditions. 

In  general,  as  the  wire  diameter  increases,  the  fluctuation  from  minimum  to 
maximum  pull  load  in  th<  wire  will  decrease.  The  pull  load  data  listed  in  Table 
VII,  for  0.105-inch-dlameter  wire,  ranges  on  the  average  of  about  11.0  percent 
in  load  fluctuation  from  minimum  to  maximum  for  a  given  test.  In  comparison, 
the  pull  load  data  listed  in  Table  VII,  for  0.092-inch-diameter  wire,  ranges  on  the 
average  of  about  15.5  percent  In  load  fluctuation.  However,  from  these  tables,  it 
can  be  shown  that  there  Is  less  consistency  in  the  load  fluctuation  for  the  smaller 
diameter  wire. 

For  compact  storage  purposes,  it  Is  felt  that  the  0. 105-inch-diameter  wire  is  the 
maximum  feasible  size  capable  of  being  used  in  minimum  quantities.  In  order  to 
provide  a  factor  of  safety,  the  mean  pull  load  of  a  unit  should  be  achieved  at  no 
more  than  75  percent  of  the  ultimate  strength  of  the  particular  wire  lot;  the  maxi¬ 
mum  unit  fluctuation  load  should  be  no  greater  than  80  percent  (see  Table  X). 
This  is  important  because  the  failure  of  the  unit  is  a  small  percentage  less  than 
the  wire  ultimate  strength,  as  demonstrated  In  the  column  Peak  Loads  in  the 
tables  for  those  tests  in  which  failure  occurred. 

As  can  be  seen  from  the  tables,  an  initial  peak  pull  load  was  obtained  during  each 
test  run.  A  method  of  eliminating  or  reducing  this  peak  load  sufficiently  was  found, 
with  favorable  results.  Elimination  of  the  peak  intensity  was  accomplished  by 
Initially  pulling  the  threaded  wire  for  a  stroke  of  1  inch  and  then  by  backing  off  to 
zero  load,  thus  establishing  a  peak  and  a  mean  pull  load.  The  test  was  restarted, 
and  the  same  mean  load  was  attained  without  the  effect  of  the  peak  load.  Tests  68 
and  69  were  conducted  as  such. 


75 


It  was  ascertained  during  the  testing  phase  that  using  one  single  wire,  threaded 
through  both  sides  and  looped  a  round  the  end  of  the  platen  (see  page  35  a>:d  Figure 
26),  establishes  Inherent  problems  that  using  two  single  wires  would  ei'mlnate 
(see  page  36).  The  test  runs  from  1  through  60  were  conducted  with  the  single 
wire  threaded  through  both  sides  and  loopeo  around  the  end  of  the  platen,  and  two 
single  wires  as  threaded  were  utilized  for  the  remainder  of  the  test  runs.  Thread¬ 
ing  a  single  wire  as  such  has  caused  inadvertent  local  bends  and  kinks  in  the  wire, 
which  has  resulted  In  failure.  A  prime  example  of  this  Is  shown  by  a  comparison 
of  tests  numbers  41  and  81,  and  27  and  66  (Tables  V  and  VI).  It  is  felt  that  some 
of  the  failures  shown  in  Tabl  IV  would  not  have  resulted  under  a  more  favorable 
threading  condition.  Threading  two  single  wires  seems  to  overcome  these  defi¬ 
ciencies.  It  is  also  anticipated  that  it  may  require  an  appreciable  bending  of  the 
wire  for  storage  purposes.  This  could  appreciably  affect  the  mean  pull  load  during 
operation.  The  selection  of  variables  will  have  lobe  definitively  chosen  when  the 
storage  area  Is  designed. 

The  variables  that  seem  to  be  pertinent  to  an  optimum  load  limiter  design  are 
0.105-lnch-diameter  annealed  stainless-steel-type  wire  and  a  1/4- inch  2024-T3 
aluminum  platen  with  a  1/4-inch  hole  diameter  and  3/4-inch  hole  spacing. 

The  self-storing  units  are  capable  of  storing  the  required  wire  in  the  most  com¬ 
pact  area  possible  with  the  maximum  feasible  wire  size.  These  units  are  light¬ 
weight  and  compact,  consist  of  no  moving  parts,  and  are  conducive  to  economical 
production. 

The  strap  device  with  load  limiters  and  pulleys  is  the  best  method  of  cargo  re¬ 
straint  In  both  air-transport  and  air-diop operations.  Also,  this  concept  provides 
total  forward  load  protection  to  the  aircraft  crew’ even  when  the  aircraft  is  loaded 
to  its  full  cargo  capacity.  The  method  effectiveness  column  of  Table  I,  which  is  the 
measure  of  the  relative  restraint  capabilities  of  the  three  cargo  restraint  tech¬ 
niques,  Indicates  that  the  proposed  strap  device  with  energy  absorber?  and  pulleys 
is  more  effective  than  the  existing  methods  for  the  cargo  considered.  This  can  be 
attributed  to  the  fact  that  the  total  number  of  restraint  devices  used  for  the  pro¬ 
posed  concept  was  less  than  for  the  axisting  method  with  correct  restraint.  The 
total  restraint  devices  used  with  the  existing  Army  restraint  technique  are  not 
necessarily  less  than  the  proposed  design  concept,  but  the  existing  method  did  not 
restrain  the  cargo  properly.  With  the  use  of  an  equalizing  factor,  column  6,  a 
comparison  of  the  results  of  the  existing  restraint  method  was  made  with  those 
achieved  by  the  other  restraint  methods,  whereby  the  results  of  the  existing 
method  effectiveness  were  far  below  those  of  the  proposed  conctpt. 

The  strap  devices  with  energy  absorbers  and  pulleys  are  to  be  used  for  forward 
restraint  only,  while  the  existing  devices  are  used  in  the  othe^  restraint  directions 
(see  Figures  43  through  52).  \s  can  be  3een  from  f  able  II,  columns  3  and  4 
indicate  that  a  reduction  of  about  9  to  15  forward  restraint  devices  can  be  realized 
when  using  the  design  concept  instead  of  the  correct  restraint  method  for  cargo 
weights  of  1,800  to  2,665  pounds.  If  heavier  weight  cargo  were  capable  of  correct 
restraint  with  existing  methods,  then  a  more  definitive  trend  would  be  evident; 
a  large  reduction  in  the  number  of  forward  restraint  devices  required  by  the 
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design  concept  would  be  shown  as  the  cargo  payload  is  increased.  From  Table  II, 
the  omnidirectional  restraint  comparison  indicates  that  the  reduction  of  total  re¬ 
straint  device?  resulting  from  the  use  of  the  proposed  design  concept  instead  of 
the  existing  method  with  correct  restraint  is  less  than  the  forward  restraint  com¬ 
parison.  This  can  be  attributed  to  the  fact  that  while  the  forward  restraint  devices 
required  are  quite  different  in  number  between  the  two  methods,  the  restraint  de¬ 
vices  required  in  the  other  directions  are  relatively  the  same.  The  total  number 
of  restraint  devices  is  of  a  relatively  large  magnitude  in  relation  to  forward 
devices;  therefore,  a  large  percentage  increase  inforward  restraint  devices  pro¬ 
duces  a  smaller  percentage  increase  in  total  number  of  restraint  devices.  For  the 
proposed  design  concept,  the  restraint  devices  used  to  restrain  the  cargo,  shown 
in  Figures  43  through  52,  range  from  7  to  18,  which  is  from  28  to  72  percent  of 
the  total  available  restraint  devices.  The  cartridge  boxes  weighing  5,400  pounds 
require  the  maximum  total  restraints,  while  the  single  Army  jeep,  air  transported 
and  air  dropped,  requires  the  minimum.  For  the  remaining  cargo,  an  average  of 
about  57  percent  of  the  total  available  devices  is  used  for  restraint.  This  includes 
the  restraining  of  two  gross  weight  jeeps  (total  weight,  7,500  pounds)  air  trans¬ 
ported.  The  maximum  number  of  forward  restraint  devices  required  for  the  gross 
weight  jeeps  is  six,  which  is  24  percent  of  the  total  available  devices.  On  the 
average,  the  number  of  forward  restraint  devices  required  for  complete  restraint 
is  about  16.5  percent  of  available  devices.  The  available  devices  refer  to  both 
existing  devices  and  proposed  devices,  totaling  twenty-five.  However,  it  is  evident 
from  the  foregoing  discussion  that  six  proposed  design  concept  devices  and  eight¬ 
een  Army  devices  are  sufficient  to  restrain  cargo  of  maximum  payload  in  the 
Caribou  aircraft. 

Table  I,  column  9,  shows  that  for  the  strap  device  with  energy  absorbers  and 
pulleys,  the  cargo  listed  covers  afloor  area  in  the  range  of  19  to  66  percent  of  the 
total  floor  area.  The  higher  percentage  of  the  range  is  due  to  restraining  two 
Army  jeeps,  which  utilize  both  length  and  width  in  relation  to  the  cargo  compart¬ 
ment  dimensions.  From  column  8,  the  percentage  of  floor  area  covered  by  the 
cargoes  and  their  restraining  devices  ranges  from  about  68  percent  to  100  per¬ 
cent.  On  the  average,  the  cargo  and  tie-down  devices  listed  cover  80  percent  of 
the  aircraft  floor  area  as  compared  to  43  percent  for  the  cargo  alone.  In  othor 
words,  the  cargo  and  tie-down  devices  together  cover  1.86  times  more  area  than 
the  cargo  alone.  This  Indicates  that  the  devices  require  a  large  portion  of  the 
cargo  space  when  cargo  is  completely  restrained.  This  can  be  attributed  to  the 
distribution  of  aircraft  floor  fittings  in  relation  to  aircraft  size,  shape,  and  mass. 

The  strap  device  with  load  limiters  and  pulleys  can  be  utilized  to  restrain  vehi¬ 
cles  and  Sealdbin  "70”  containers  correctly  for  air-drop,  which  is  not  possible 
with  the  existing  method.  See  Figures  51  and  52.  Only  a  single  Army  vehicle  can  be 
restrained  properly  for  air-dropped  cargo,  where  two  gross  weight  Army  Jeeps 
(7,500  pounds  total)  can  be  restrained  adequately  for  air-transported  cargo,  (see 
Figure  45). 

A  comparison  of  the  estimated  time  to  rig  and  derig  cargo  depicted  in  column  16, 
Table  I,  shows  that  the  proposed  design  concept  combined  with  existing  restraints 
takes  less  time  than  those  cases  capable  of  restraint  by  the  existing  method  with 
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correct  restraint.  As  shown  in  column  17,  Estimated  Time  Effectiveness,  the 
proposed  concept  is  as  much  as  3.3  times  as  effective  as  the  existing  method  with 
correct  restrain*,  and  10  times  as  effective  as  the  existing  Army  restraint 
method.  For  the  latter  method,  this  is  not  evident  at  a  first  glance  at  the  estimated 
restraint  times  listed.  However,  an  equalizing  factor,  column  6,  makes  possible 
the  comparison  of  the  results  of  the  proposed  design  concept  and  the  existing 
Army  method.  The  results  of  the  existing  method  effectiveness  are  far  below 
those  of  the  strap  device  with  energy  absorbers  and  pulleys. 

If  comparable  cargo  is  considered,  the  proposed  design  concept  is  much  more 
effective  in  relation  to  restraint  capabilities,  space  available,  tie-down  fittings 
utilized,  tie-down  devices  used,  and  allotted  restraint  time  to  rig  and  derig  cargo 
than  are  the  existing  Army  method  and  the  existing  method  with  correct  restraint. 
Columns  7,  10,  13,  15,  and  17  confirm  the  effectiveness  of  the  proposed  design 
concept.  A  distinct,  but  not  so  obvious,  advantage  of  the  new  concept  is  it3  appli¬ 
cation  to  the  cargo.  For  the  cargo  analyzed  in  this  report,  few  devices  are  needed 
for  forward  restraint.  Predicated  on  this,  the  elasticity  effects  of  various  length 
devices  (see  section  entitled  "Elasticity  Problems")  can  be  almost  eliminated. 
This  is  accomplished  by  aligning  the  required  restraint  devices  with  approx¬ 
imately  equal  lengths.  Small  disparity  in  device  lengths  will  not  have  any  ar.pre- 
ciable  effect  on  device  strength  capacity.  When  preparing  Figures  43  through  52, 
the  required  forward  restraint  devices  were  carefully  aligned.  Only  in  the  cases 
of  the  55-gallon  drums  and  cartridge  boxes  was  aligning  of  the  forward  restraints 
found  to  be  difficult.  However,  for  each  group  of  cargo,  two  restraint  devices  of 
equal  length  are  needed,  and  their  length  disparity,  as  shown,  is  not  sufficient  to 
warrant  additional  devices. 

For  correct  restraint,  the  existing  MC-1  devices  would  require,  at  a  minimum, 
5.3  times  as  many  restraints  as  the  proposed  restraint  system.  Considering  the 
variant  length  effects  associated  with  multi-strap  installation,  the  number  of 
required  MC-1  devices  could  be  further  increased  by  an  estimated  125  percent  or 
about  6.5  times  as  many  as  the  new  system.  The  weight  of  each  new  restraint  is 
estimated  to  be  about  6.5  times  each  MC-1  device  (see  Table  El).  On  a  compara¬ 
tive  basis,  no  considerable  weight  difference  Is  realized  between  the  new  and  the 
existing  methods 

For  total  restraint,  utilizing  six  new  devices  and  fourteen  existing  devices,  the 
weight  per  aircraft  would  be  183  pounds.  The  total  weight  of  existing  restraints, 
webbing,  and  chains,  carried  as  part  of  the  aircraft  equipment,  is  136  pounds.  The 
difference  in  total  restraint  system  weight  between  the  new  and  the  existing 
methods  Is  considered  small. 

Army  equipment  which  did  not  exceed  7,500  pounds  and  which  could  be  physically 
placed  In  the  Caribou  aircraft  was  considered.  If  each  piece  of  Army  equipment  is 
considered  individually,  it  is  estimated  that  about  80  percent  of  this  cargo  can  be 
properly  restrained.  Any  combination  of  the  considered  equipment  would  require 
a  complete  analysis  in  order  to  prove  proper  restraint.  It  is  not  feasible  to  con¬ 
sider  all  the  possible  combL  ations  because  of  the  magnitude  of  work  involved. 
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CONCLUSIONS 


It  is  concluded  that: 

1.  The  mixing  of  chain  (MB-1)  and  nylon  (MC-1)  tie-down  devices  to  augment 
the  restraint  capability  for  a  given  restraint  direction  results  in  serious 
degradation  of  the  restraint  system.  In  addition,  the  restraint  system  cap¬ 
ability  is  degraded  with  the  use  of  various  length  MC-1  straps  in  a  given 
restraint  direction  (see  page  14).  The  MB-1  chain  tie-down  devices,  which 
have  relatively  high  stiffness  characteristics,  are  to  be  cons’ ^ered  unfit 
as  restraint  devices  because  they  may  become  responsive  to  .  i  oscilla¬ 
tions  that  occur  during  a  crash. 

2.  Current  restraint  techniques  delineated  in  technical  manuals  do  not  display 
or  describe  proper  restraint  application  (see  page  5). 

3.  In  fixed-  and  rotary-wing  aircraft,  the  forward  restraint  direction  is  the 
most  critical  in  determining  restraint  requirements. 

4.  The  use  of  existing  tie-down  devices  with  the  proposed  survivable  crash 
restraint  criterion  could  seriously  affect  the  allowable  r  argo-carrying 
capability  of  fixed  and  rotary  wing  aircraft  (see  page  8). 

5.  A  high  strength,  lo«v- elongation  strap  device  in  series  with  load  limiters 
will  significantly  reduce  the  problems  associated  with  restraining  cargo 
under  survivable  crash  conditions. 

6.  Of  the  two  design  concepts  studied  in  this  report,  the  load-limiting,  wire¬ 
bending-type  energy  absorber  offers  the  most  advantages. 

7.  A  load-limiting,  wire-bending-type  energy  absorber  with  self-storing 
features  can  be  incorporated  into  a  restraint  system  with  a  minimum  of 
weight  (approximately  2  pounds)  and  complexity. 

8.  If  the  proposed  survivable  crash  criterion  is  adopted,  the  proposed  restraint 
system  incorporating  a  high-strength,  low-elongation  strap  device  with  load 
limiters  and  pulleys  as  opposed  to  the  existing  MC-1  devices  against  the 
same  criterion  will  provide  the  following: 
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a.  The  capability  of  restraining  maximum  payloads  in  all  Army  ai’  craft 
and  providing  full  load  protection  to  the  aircraft  crew  with  no  appre¬ 
ciable  Increase  in  system  weight  (see  Figure 45  and  page  73). 

b.  A  considerable  reduction  in  the  number  of  restraints  required  to 
restrain  typical  cargo.  As  an  example,  90  percent  fewer  forward 
restraints  are  required  to  restrain  an  Army  jeep  (see  Figures  40 
and  43). 

c.  The  capability  of  restraining  heavier  individual  cargoes  (see  Figures 
40  through  50). 

d.  Time  saved  in  cargo  rigging  and  derlgglng  averaging  about  32  percent 
(see  Table  I,  column  16). 

9.  For  future  system  design  criteria,  the  design  objectives  outlined  on  pages 
20  and  21  of  this  report  should  be  given  serious  consideration. 

10.  A  total  of  six  strap  devices  with  load  limiters  and  pulleys  to  be  carried  per 
aircraft  would  cost  an  estimated  $990.00  (see  Table  III).  The  cost  of  the 
strap  part  of  the  proposed  concept  can  be  depreciated  by  the  cost  of  the 
existing  web  device  when  counted  as  a  replacement  item.  In  addition, 
a  reduction  of  about  six  existing  webbing  devices  and  the  elimination  of  the 
chain-type  devices  per  aircraft  are  feasible  with  a  consequent  reduction  in 
replacement  cost. 

11.  For  the  purpose  of  dynamic  testing,  a  decelerator  device  taking  the  form  of 
a  deformed-tube-type  shock  strut  should  be  considered  (see  Appendix  IV). 
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APPENDIX  I 


PULL  TEST  RESULTS 


TABLE  IV 

0.062-INCH-DIAMETER  WIRE,  6061-T6  ALUMINUM  PLATEN, 

HOLE  EDGES  BROKEN 


Pull 

Test 

No. 

Hole 

Dla. 

(in.) 

Hole 

Spacing 

(in.) 

Platen 

Thickness 

(lb) 

♦Peak 

Load 

(lb) 

♦Pull  Load 
Fluctuation 
(lb) 

♦Mean 

Load 

(lb) 

Remarks 

3 

1/4 

3/4 

1/8 

- 

101-191 

146 

5 

1/1 

3/4 

1/4 

406 

320-367 

343 

6 

1/4 

3/4 

5/16 

544 

Failure 

- 

7 

1/4 

3/4 

3/8 

560 

Failure 

- 

67 

1/4 

3/4 

1/8 

116 1 

90-100 

95 

1 

8 

1/4 

5/8 

1/8 

160 

120-140 

130 

9 

1/4 

5/8 

1/4 

438 

Failure 

- 

11 

1/4 

5/8 

3/8 

584 

Failure 

- 

12 

1/4 

1/2 

1/8 

200 

140-185 

162 

13 

1/4 

1/2 

1/8 

460 

Failure 

- 

14 

1/4 

1/2 

1/8 

580 

Failure 

- 

86 

1/4 

1/2 

5/16 

430 

320-400 

360 

2 

16 

5/16 

3/4 

1/8 

104 

85-90 

87 

30 

5/16 

3/4 

1/8 

150 

60-105 

82 

31 

5/16 

3/4 

1/4 

288 

140-180 

160 

20 

5/16 

3/4 

5/16 

304 

160-195 

177 

32 

5/16 

3/4 

3/8 

380 

200-260 

230 

33 

5/16 

3/4 

1/8 

94 

80-84 

82 

3 

34 

5/16 

3/4 

1/4 

154 

100-130 

115 

3 

35 

5/16 

3/4 

3/8 

275 

160-210 

185 

3 

10 

5/16 

5/8 

5/16 

345 

195-210 

202 

15 

5/16 

1/2 

3/8 

430 

335-390 

367 

17 

3/8 

3/4 

1/8 

80 

70-80 

75 

28 

3/8 

3/4 

1/8 

83 

60-82 

71 

29 

3/8 

3/4 

1/4 

140 

105-130 

117 

21 

3/8 

3/4 

5/16 

235 

135-160 

147 

36 

3/8 

3/4 

1/8 

85 

50-70 

60 

3 

37 

3/8 

3/4 

1/4 

120 

90-110 

100 

3 

53 

3/8 

3/4 

3/8 

184 

140-160 

150 

1 

18 

7/16 

3/4 

1/8 

97 

78-80 

79 

22 

7/16 

3/4 

5/16 

145 

105-120 

112 

19 

1/2 

1 

1/8 

56 

40-47 

44 

23 

1/2 

1 

5/16 

118 

75-100 

87 

*  All  loads  for  two  wires  1  2024-T3  A1  platen 

t  Eliminated  peak  load  by  loading  and  2  Hole  edge  rounded  by  polishing 
unloading  unit  prior  to  testing  3  Chamfered  hole  edge 
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TABLE  V 

0.072-INCH-DIAMETER  WIRE,  2024-T3  PLATEN  MATERIAL, 

HOLE  EDGES  BROKEN 


Pull 

Test 

No. 

Hole 

Dla. 

(In.) 

Hole 

Spacing 

(in.) 

Platen 

Thickness 

(In.) 

♦Peak 

Load 

(lb) 

♦Pull  Load 
Fluctuation 
(lb) 

♦Mean 

Load 

(lb) 

Remarks 

40 

1/4 

3/4 

1/8 

248 

160-220 

190 

1 

68 

1/4 

3/4 

1/8 

227t 

160-178 

169 

41 

1/4 

3/4 

1/4 

731 

Failure 

- 

81 

1/4 

3/4 

1/4 

299 

230-268 

249 

42 

1/4 

3/4 

3/8 

719 

Failure 

- 

87 

1/4 

1/2 

5/16 

668 

620-660 

640 

1  2 

54 

3/8 

3/4 

1/8 

184 

120-180 

150 

3 

55 

3/8 

3/4 

1/4 

188 

164-180 

172 

3 

56 

3/8 

3/4 

3/8 

414 

210-320 

265 

3 

57 

3/8 

3/4 

1/8 

168 

130-160 

145 

58 

3/8 

3/4 

1/8 

212 

180-192 

186 

4 

59 

3/8 

3/4 

1/8 

310 

240-280 

260 

5 

*  All  loads  for  two  wires 

t  Eliminated  peak  load  by  loading  and  unloading  unit  prior  to  testing 

1  6061-T6  A1  platen 

2  Hole  edge  rounded  by  polishing 

3  Staggered  pattern  -  one  wire  pulled  -  two-wire  value  given 

4  Five-hole  staggered  pattern 

5  Four-hole  "T"  pattern 
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TABLE  VI 

0.080-INCH-DIAMETER  WIRE,  2024-T3  ALUMINUM  PLATEN  MATERIAL, 

HOLE  EDGE  BROKEN 


Pull 

Test 

No. 

Hole 

Dla. 

(in-) 

Hole 

Spacing 

(in.) 

Platen 

Thickness 

(in.) 

♦Peak 

Load 

(lb) 

♦Pull  Load 
Fluctuation 
(lb) 

♦Mean 

Load 

(lb) 

Remarks 

24 

1/4 

3/4 

1/8 

4C0 

300-430 

365 

61 

1/4 

3/4 

1/8 

452 

300-340 

320 

27 

1/4 

3/4 

1/4 

840 

Failure 

- 

66 

1/4 

3/4 

1/4 

602 

488-550 

519 

25 

1/4 

3/4 

3/8 

894 

Failure 

- 

84 

1/4 

3/4 

3/8 

560 

475- 550 

512 

82 

1/4 

3/4 

5/16 

6^0 

510-580 

545 

1 

38 

1/4 

3/4 

1/8 

700 

360-410 

385 

2 

47 

5/16 

3/4 

1/8 

278 

190-250 

220 

48 

5/16 

3/4 

1/4 

494 

400-470 

435 

49 

5/16 

3/4 

3/8 

728 

480-560 

520 

44 

3/8 

3/4 

1/8 

223 

204-212 

208 

45 

3/8 

3/4 

1/4 

416 

318-368 

343 

46 

3/8 

3/4 

3/8 

664 

440-520 

480 

72 

3/8 

1/2 

3/8 

912 

Failure 

- 

88 

1/4 

1/2 

5/16 

840 

740-820 

780 

1  3 

108 

1/4 

1/2 

1/8 

573 

515-570 

542 

109 

1/4 

1/2 

1/4 

865 

Failure 

- 

110 

1/4 

1/2 

3/8 

935 

Failure 

- 

117 

1/4 

1/2 

1/8 

575 

445-525 

488 

3 

118 

1/4 

1/2 

1/4 

855 

Failure 

- 

3 

119 

1/4 

1/2 

3/8 

950 

Failure 

- 

o 

O 

*  All  loads  for  two  wires 

1  6061-T6  A1  platen 

2  304  stainless  steel  platen 

3  Hole  edges  rounded  by  polishing 
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TABLE  Vn 

0.092-INCH-DIAMETER  WIRE,  2024-T3  ALUMINUM  PLATEN, 

HOLE  EDGES  BROKEN 


Pull 

Test 

No. 

Hole 

Dla. 

(in.) 

Hole 

Spacing 

(In.) 

Platen 

Thickness 

(in.) 

♦Peak 

Load 

(lb) 

♦Pull  Load 
Fluctuation 
(lb) 

♦Mean 

Load 

(lb) 

Remarks 

1 

1/4 

3/4 

1/8 

646 

450-560 

505 

1 

2 

1/4 

3/4 

1/8 

394 

310-360 

335 

1  2 

63 

1/4 

3/4 

1/8 

796 

460-580 

520 

65 

1/4 

3/4 

1/8 

845 

Failure 

- 

3 

69 

1/4 

3/4 

1/8 

942 

Failure 

- 

2  3 

90 

1/4 

3/4 

1/8 

435 

300-375 

337 

4 

126 

1/4 

3/4 

1/8 

597 

400-500 

450 

1  4 

127 

1/4 

3/4 

1/8 

525 

365-450 

407 

2 

79 

1/4 

3/4 

1/8 

668 

470-500 

485 

2  3 

60 

1/4 

3/4 

1/4 

903 

800-870 

835 

1 

64 

1/4 

3/4 

1/4 

1167 

Failure 

- 

78 

1/4 

3/4 

1/4 

535 

450-500 

475 

1 

83 

1/4 

3/4 

1/4 

1050 

775-950 

862 

1 

91 

1/4 

3/4 

1/4 

815 

680-750 

715 

4 

99 

1/4 

3/4 

1/4 

1100 

Failure 

- 

1 

85 

1/4 

3/4 

5/16 

980 

825-875 

850 

1 

75 

1/4 

5/8 

1/8 

820 

560-690 

625 

76 

1/4 

5/8 

1/8 

1175 

Failure 

- 

5 

96 

1/4 

5/8 

1/8 

750 

500-635 

567 

104 

1/4 

5/8 

1/8 

1135 

800-950 

675 

5 

97 

1/4 

5/8 

1/4 

975 

800-900 

850 

98 

1/4 

5/8 

3/8 

Did  not  run 

102 

1/4 

1/2 

1/8 

800 

650-700 

675 

111 

1/4 

1/2 

1/8 

1050 

700-750 

725 

120 

1/4 

1/2 

1/8 

900 

645-745 

695 

4 

112 

1/4 

1/2 

1/4 

1130 

Failure 

- 

121 

1/4 

1/2 

1/4 

1300 

Failure 

- 

4 

89 

1/4 

1/2 

5/16 

1185 

1000-1170 

1085 

4 

113 

1/4 

1/2 

3/8 

1208 

Failure 

- 

122 

1/4 

1/2 

3/8 

1208 

Failure 

- 

4 

70 

5/16 

3/4 

1/8 

420 

272-292 

282 

3 

77 

5/16 

5/8 

1/8 

765 

650-730 

690 

5 

71 

3/8 

3/4 

1/8 

360 

238-248 

243 

3 

73 

3/8 

5/8 

3/8 

898 

700-850 

775 

74 

3/8 

1/2 

3/8 

1058 

Failure 

- 

*  All  loads  for  two  wires 

1  6061 -T6  A1  platen 

2  Chamfered  hole  edges 

3  304  stainless  steel  platen 

4  Hole  edges  rounded  by  polishing 

5  Four  holes  In  line 
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TABLE  Vm 

0.105-INCH-DIAMETER  WIRE,  2024-T3  ALUMINUM  PLATEN, 
HOLE  EDGES  ROUNDED  BY  POLISHING 


Pull 

Test 

No. 

Hole 

Dla. 

(In.) 

Hole 

Spacing 

(in.) 

Platen 

Thickness 

(in.) 

♦Peak 

Load 

(lb) 

♦Pull  Load 
Fluctuation 
(lb) 

♦Mean 

Load 

(lb) 

Remarks 

26 

1/4 

3/4 

1/8 

Failure 

1 

93 

1/4 

3/4 

1/8 

685 

535-575 

555 

94 

1/4 

3/4 

1/4 

1155 

950- 1050 

1000 

95 

1/4 

3/4 

3/8 

1325 

1140-1200 

1170 

99 

1/4 

5/8 

1/8 

1150 

825-950 

887 

105 

1/4 

5/8 

1/8 

1360 

Failure 

- 

2 

106 

1/4 

5/8 

1/8 

1240 

1075-1225 

1150 

2 

107 

1/4 

5/8 

1/8 

1435 

Failure 

- 

2 

100 

1/4 

5/8 

1/4 

1450 

Failure 

- 

101 

1/4 

5/8 

3/8 

Did  not  run 

103 

1/4 

1/2 

1/8 

Failure 

- 

114 

1/4 

1/2 

1/8 

1430 

Failure 

- 

123 

1/4 

1/2 

1/8 

1310 

Failure 

- 

115 

1/4 

1/2 

1/4 

1350 

Failure 

- 

124 

1/4 

1/2 

1/4 

1435 

Failure 

- 

116 

1/4 

1/2 

3/8 

- 

Did  not  run 

125 

1/4 

1/2 

3/8 

- 

Did  not  run 

62 

3/8 

3/4 

1/8 

382 

340-380 

360 

1 

51 

3/8 

3/4 

1/4 

830 

700-800 

750 

1 

128** 

1/4 

3/4 

1/4 

1020 

960-1000 

980 

3  4 

129** 

1/4 

3/4 

1/4 

950 

916-940 

930 

3  5 

130** 

1/4 

3/4 

1/4 

836 

820-836 

828 

3  6 

♦  All  loads  for  two  wires 

**  Test  Includes  wires,  platen,  and  guides  at  one  end  only 

1  Hole  edge  broken 

2  Four  holes  In  line 

3  Leading  hole  edge/0,  =  1/8R 

4  All  other  edges />*  =  1/16R 

5  All  other  edges/0 2  =  5/64R 

6  All  other  edges/^  *  3/32R 
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TABLE  IX 

0.120-INCH-DIAMETER  WIRE,  304  STAINLESS  STEEL  PLATEN, 

HOLE  EDGES  BROKEN 


Pull 

Hole 

Hole 

Platen 

♦Peak 

♦Pull  Load 

♦Mean 

Test 

Dla, 

Spacing 

Thickness 

Load 

Fluctuation 

Load 

Remarks 

No. 

(in.) 

(in.) 

(in.) 

(lb) 

(lb) 

(lb) 

39 

1/4 

3/4 

1/8 

1840 

Failure 

43 

3/8 

3/4 

1/8 

1170 

650-900 

775 

*  All  loads  for  two  wires 

TABLE  X 

WIRE  ULTIMATE  TENSILE  VALUES 


Wire 

Diameter 

(In.) 

♦Ultimate  Pull 

Load  (Single  Wire) 
(lb) 

80  Pet  of 
Ultimate  Load 
(lb) 

0.062 

305 

244 

0.070 

396 

317 

0.080 

529 

424 

0.092 

662 

529 

0.105 

725 

580 

0.120 

1120 

895 

♦Aotual  pull  test  of  wires  to  destruction. 
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BLE  XI 
T  PLAN 


•Wire  Material:  3 (MSS  annealed 


TABLE  XI  (continued) 
TEST  PLAN 


xxx 


X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X  X 


xxxxxxxxxxxxxxxxxxxxxxxxxxxx 


X  X 

X  X  X  X  X  X 


XXX  xxxxxxxxx 
XXX 


X  X  X  X  X 


X  X 


X  X  X  X  X  X 


X  X  XX 

X  XXX  XX  X 


X 


XX  X 

XX*  X X X X X X X X X X X X X X 

xxxxxxxx 


xxxxxxxxxxxxxxxxxxxxxxxx 

X  X  X  X 


X  X 


XXX 


X 


xxxxxxxx 


XXX 


X  X  X  X  X  X 


X  X  X  X 
X 


OHNMflOIOt-flOOiQHClOflQWNOOftOHeifl’flfltO 


t- 

in 


I 
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♦Wire  Material:  304SS  annealed 

**3  In-line  boles  with  a  fourth  hole  offset  at  the  second  hole 


TABLE  XI  (continued) 
TEST  PLAN 


x 


% 

h 

IA 

CO 

s 

i 

o 

3 

a 

IA 

CO 

Hole 

S7 

I1 

H 

m|-r 

ml® 

tH|P0 

IU 

5 

«h|co 

**IS 

ml® 

“»IS 

•ilw 

Platen 

Thickness 

(In.) 

B 

1 

K 

H 

E 

2 

"S 

304SS 

(annealed) 

2024-T3AL 

6061-T6AL 

Number 

8 

s 

5 

o 

Cl 

H 

III 

0.120 

0.105 

0.092 

0.080 

0.070 

0.082 

Test 

No. 

X  X 

X X X X X X X X X X X X X X X X  xxxxxxxx 


X X X X X X X X X X X X X X  xxxxxxxx 

X  XXX 
X  X 


XX  X 


X  X  X  X 

X  X 


XX  XXXXXXX  XX  xxxxxxxx 


XXX 


X 

X  X 


XXX  X  X  X  X 

XX  XXX  X  XXXXX  XXX  X 


X  XXX  X 

XX  XXXX  XX  X*XXXX  XX  X 

X  X  XXXX 


X 


xxxxxxxxxxxxxxxxxxxxxxxxxxx 


X  XXX  XXX  XXXXXXXX  X  X 

XX  X  XX 

XX  X  X 


00  Ok 
lA  IA 


s  s 


nntm«  _ 
w<ew«ow(o«ow 
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♦Wire  Material:  304SS  annealed 

**3  In-line  holes  with  a  fourth  hole  offset  at  the  second  hole 


■g 


3* 

fl  < 

g  -1 


X 

u 

s 

H 


H 


8 

d 

1 

Staggered 

3  5  "T" 

1 

CO 

Hole 

I4 

Hole 

Diameter 

(in.) 

H 

Platen 

Thickness 

(in.) 

:9 

Platen 

Material 

304SS 

(annealed) 

2024-T3AL 

6061-T6AL 

Number 
of  Wires 

♦ 

*4 

•n 

1  ii  ^ 

£  8  J 

^  00  s 

0.120 

0.105 

0.092 

0.080 

0.070 

0.082 

X  X  X  X 

X X X X X X X X X X X X X X X X X X  xxxxxxx 


X  X  X  X  X  X 

xxxxxx  xxxx 


X  X  X  X 


XX  xxxxxxx 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxx 


X  •<  X  X 


X 


XX  X 


X 


xxxxxxx 


X 


xxxxxxxxxxxxxxxxxxxxxxxxx 

xxxx 


XXXXXXXXXXXXXXXXXXXXXXXXXXXXX 


XXX 


XXX 


XXX 


X 


xxxx 


XXX 


XXX 


XXX 


X 


jg  t-  OO  » 


C  h  J 

D0a0fl0(nO)O>(A(7) 


m  V  t*  QD  9 
O)  (n  O)  O)  Oi 


O  H  C#  CO 

o  o  o  o 


uo  ao 
©  ©  ©  © 


C7>  O  H  CS  D  "f 
©  *H  *H  ^4  rH 


■8 

8 


3 

* 

© 

CO 


£ 

5 
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TABLE  XI  (continued) 
TEST  PLAN 


■8 


XXXXXXXXXXXXXXXX 

XXX 

xxxxxxxxxxxxx 


xxxxxxxxxxxxxxxx 


X  X  X  X 


X  X  X  X  XXX 

X  X  X  XX 


xxxxxx*xxxx  xxxx 

X 


xxxxxxxxxxxxxxxx 


XX  XXX  XXX 

XXX  XX 

XXX 
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APPENDIX  II 


ENERGY  ABSORBER  CONFIGURATIONS 


WIRE-BENDING  ENERGY  ABSORBERS  (LOAD  LIMITERS) 

The  following  energy  absorbers  are  configurations  that  are  plausible.  They  have 
been  considered  primarily  for  5000-pound  capacity. 

Two-Spool,  Single- Platen  Unit 

This  load  limiter  concept  has  two  spools  attached  to  one  end  of  the  platen,  either 
one  above  the  other  (Figure  53)  or  sideby  side  (Figure  54).  Both  concepts  include 
the  same  operational  aspects.  One  spool  will  store  all  the  wires  woven  through  the 
top  side  of  the  end  hole  in  the  platen,  and  the  bottom  spool  will  store  all  wires 
woven  out  the  bottom  side  of  the  same  hole. 

The  platen  will  have  the  same  slots  and  spacing  as  dismissed  for  the  self-storing 
unit  (page  36).  However,  since  the  spool  requires  a  greater  bend  radius,  it  will 
not  be  feasible  to  use  0.105-inch  wire  diameter  with  small  spools.  To  have  a 
compact  load  limiter,  a  decrease  in  wire  sUe  and  an  increase  in  the  quantity  of 
wire  are  required.  Also,  a  greater  resistance  to  the  pull  load  will  be  realized. 
Only  through  tests  will  this  additional  load  be  determined  and  the  platen  con¬ 
struction  be  altered  to  reflect  the  increased  Intensity. 

The  prepulling  of  the  device  and  the  testing  of  additional  hardware  to  complete 
the  restraint  device  will  be  accomplished  in  the  same  manner  as  discussed  for 
the  self-storing  unit  (page  36). 

There  are  two  feasible  methods  of  protecting  these  units.  One  is  to  oast  a  plastic 
cover  in  two  halves  and  bind  them  together.  The  second  method  requires  stamping 
out  sheet  metal  covers  and  riveting  them  together,  using  the  rivets  to  hold  the 
spools  in  place. 

Two-Spool,  Double- Platen  Unit 

This  counterflexing  load  limiter  concept  is  similar  in  all  aspects  to  the  two-spool, 
single-platen  unit  concept  except  that  two  platens,  instead  of  one,  are  utilized  to 
function  as  one  unit.  The  upper  spool  feeds  wire  into  the  top  side  of  each  platen, 
and  the  lower  spool  feeds  into  the  bottom  side  of  each  platen.  See  Figure  55.  This 
concept  offers  no  additional  advantages  over  the  two-spool,  single-platen  unit. 

Canister  Storage  Unit 

The  canister  storage  unit  is  the  same  as  the  previously  discussed  concepts  except 
for  the  storage  area.  The  wires  are  stored  like  a  ball  of  twine  in  a  canister.  The 
canister  will  have  a  contoured  conic  section  so  that  the  wire  can  pay  out  without 
any  interference.  See  Figure  56. 
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METAL  CASE 


Figure  53.  Single-Platen  Unit;  Two  Spools, One  Above  the  Other 


Figure  54.  Single-Platen  Unit;  Two  Spools, Side  by  Side 


Figure  55.  Two- Spool,  Double- Platen  Unit 


FIBER  GLASS  CASE 


APPENDIX  III 


VALIDATION  TESTS 

OF  SELF-STORING,  WIRE-BENDING  ENERGY  ABSORBERS 


The  self-storing,  wire-bending  energy  absorber  has  been  designed  and  tested 
with  an  8-inch-stroke  capability  to  replace  the  design  criterion  of  2  to  3  feet  as 
requested  by  the  Government  in  the  latter  phase  of  the  contract. 

The  results  of  the  laboratory  test  data  are  shown  in  Table  XII  and  are  in  reference 
to  test  unit  configuration,  pre-pull  loads,  final  pull  loads,  and  description  of  test 
results. 

A  succession  of  additional  tests  has  been  conducted  to  eliminate  the  inconsistency 
of  pull  test  values  that  arose  from  the  process  of  encapsulating  the  energy  ab¬ 
sorbers.  A  series  of  experiments  was  conducted  to  isolate  the  factors  that  could 
conceivably  cause  the  load  changes;  they  are  reviewed  below. 

1.  A  polyethylene  bag,  which  encapsulated  the  wire-platen  assembly  and  then 
was  potted  with  polyurethane,  leaked. 

2.  A  polyethylene  bag  was  replaced  with  heat- shrinkable  mylar  polyester  film. 
High  peak  loads  resulted. 

3.  Putty  placed  in  proximity  over  pertinent  tongue  location  and  mylar  film 
resulted  in  loads  below  acceptable  limits. 

4.  To  cope  with  case  movement  and  polyurethane  shrinkage,  grooves  were  cut 
out  of  the  platen  and  spacers  were  added  to  guide  areas  with  no  reduction  in  loads 
(7,000  pounds). 

5.  Shields  were  placed  over  all  exposed  wires.  Of  two  tests  performed,  one 
was  within  acceptable  limits. 

When  the  first  test  of  item  3  resulted  in  low  loads  (4,000  pounds),  the  wire-platen 
assembly  was  cleaned  in  a  Chlorothene  solution.  The  remaining  test  in  this  group 
still  showed  no  variance  in  results.  The  test  of  item  5  that  resulted  in  good  results 
was  not  cleaned  in  the  Chlorothene  solution.  It  was  then  concluded  that  the  de¬ 
greasing  operation  had  Increased  thefriction  coefficient  between  wires  and  platen 
and,  consequently,  amplified  the  pull  loads.  Tests  43B  and  43B1  further  substan¬ 
tiated  this. 
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The  addition  of  shields  placed  over  exposed  wire  looally  at  tongue  location  elim¬ 
inated  high  initial  peak  load  that  resulted  during  final  pull  testing.  In  general, 
tests  50  through  57  show  consistently  good  test  results  that  validate  the  energy 
absorber  concept.  The  majority  of  the  test  units  have  been  pulled  on  the  basis  of 
rated  5,000-pound  units.  Validation  of  rated  10,000-pound  units  is  realized  when 
comparing  tests  9A  and  9B  with  tests  7A,  7B,  8A,  and  8B.  The  final  pull  load 
results  of  tests  9A  and  9B  are  approximately  one-half  the  intensity  of  the  other 
two  tests,  and,  therefore,  it  is  felt  that  no  further  testing  of  10,000-pound  units 
is  necessary. 

The  testing  was  conducted  on  a  Baldwin- Emery  SR-4,  Model  F.G.T.  test  machine. 
The  rate  of  loading  was  consistently  held  in  the  range  of  3.0  to  5.0  Inches  per 
minute.  The  machine  is  capable  of  a  load  rate  in  the  range  of  0.008  to  9.6  inches 
per  minute.  It  is  to  be  noted  from  test  55  that  an  increase  in  the  rate  of  pull 
results  in  increased  load  intensity. 

From  tests  52,  54,  55,  and  57,  it  can  be  seen  that  the  peak  load  intensity  realized 
during  the  pre-pull  loading  was  eliminated  during  the  final  pull  loading. 

The  above  data  clearly  demonstrates  the  capability  of  the  self-storing,  wire- 
bending  energy  absorber  to  develop  the  desired  level  of  load  limitations. 

Figures  57  through  68  depict  the  self-storing  units  in  sequence  from  the  basic 
parts  to  the  final  pull  testing. 
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TABLE  XII 

LABORATORY  TEST  RESUL  y 
OF  THE 

SELF-STORING,  WIRE-BENDING  ENERGY 


f. 


jLE 
T 
TI 
|EN1 


PREPULL  LOADS 

FINAL  PULL  LOADS 

Test 

Peak 

Fluctuation 

Peak 

Fluctuation 

No. 

(lb.) 

(lb.) 

(lb.) 

(lb.) 

1 

9380 

2 

4910 

48Ck/—  yJOO 

4780 

4400-4700 

3 

5125 

4880 

2500 

2400-2500 

4 

4c  CO 

8000 

5 

5100 

4800-4900 

5400 

4800-4900 

6 

5400 

5140 

5730 

4600-5200 

7A 

4680 

4400-4500 

9200 

8100-8300 

B 

5520 

4800-5000 

8A 

5000 

4700 

8720 

7900-8400 

B 

5020 

4700 

9A 

5100 

4700 

4350 

4000-4250 

B 

4800 

4600-4780 

4290 

4000-4220 

36 

5200 

4700 

6800 

TEST  UNIT  CONFIGtpT  l 


Polyethylene  bag  (3M)  andplen 
potting  I 


Polyethylene  bag  (6M)  amyle11 
potting. 

Polyethylene  bag  (6M)  anidjrl  en 
potting. 


Polyethylene  bag  (6M)  aiuyler 
potting. 

Heat-Shrinkable  Mylar  Florin] 
potting. 

Heat-Shrinkable  Mylar  Florin) 
potting. 


Putty  located  on  front 
Mylar  Film,  and  Polyurotf 
units  pulled  simultaneous! 
of  10,000  lb. 


endpcat* 

iln 
illec 

fco  it 


Same  as  Test  7A  &  B 
platen  assembly  in  Chlo 


exop 


Same  as  Test  8A  &  B  exof* 
tested  separately. 


r*e 


T( 

ise 


T< 
»epa 


Cleaned  wire-platen  asseJi  wl 
solution;  Mylar  Film;  put!*;  M 
end  of  tongue  plates  bet\*»Ong 
Polyurethane  Potting.  ■tha 


♦This  column  describes  the  additional  parts  and  operations  undertaken  after  installation  of  the 


LE  XII 

l  TEST  RESULTS 
THE 

SNPING  ENERGY  ABSORBERS 


T 


UNIT  CONFIGURATION* 


DESCRIPTION  OF  TEST  RESULTS 


lene  bag  (3M)  and  Polyurethane 


lene  bag  (6M)  and  Polyurethane 


lene  bag  (6M)  and  Polyurethane 


lene  bag  (6M)  and  Polyurethane 


•inkable  Mylar  Film  and  Polyurethane 


linkable  Mylar  Film  and  Polyurethane 


;ated  on  front  end  of  Tongue  Plates, 
llm,  and  Polyurethane  Potting.  Two 
led  simultaneously  for  rated  capa».  Ity 
)  lb. 

Test  7A  &  B  except  cleaned  wire 
jsembly  In  Chlorothene  solution. 

Test  8A  &  B  except  each  unit  was 
Bparately. 


wire-platen  assembly  in  Chlorothene 
;  Mylar  Film;  putty  located  at  front 
rngue  plates  between  Mylar  Film  and 
thane  Potting. 


Polyethylene  bag  leaked  during  Polyurethane 
curing  cycle  and  failure  occurred. 

Test  unit  functioned  within  acceptable  limits. 


Polyethylene  bag  leaked  during  Polyurethane 
curing  cycle.  Five  wires  failed  and  five  wires 
pulled  at  one-half  acceptable  limits. 

Polyethylene  bag  leaked  during  Polyurethane 
curing  cyle  and  wire  failure  occurred. 

High  peak  load  on  final  pull.  Fluctuation  load 
within  acceptable  limits. 

Prepull  loads  higher  than  acceptable  limits 
but  fluctuation  final  pull  to  prepull  ratio  de¬ 
picts  acceptable  limits.  Final  peak  loads  to 
peak  prepull  ratio  is  high  and  outside  accept¬ 
able  limits.  Potting  at  front  end  of  tongue 
plates  appears  to  be  too  stiff. 

Final  fluctuation  load  was  too  low. 


Final  peak  and  fluctuation  loads  were  too  low. 


Final  peak  and  fluctuation  loads  were  too  low. 
Tests  7A  through  9B  conclusively  prove  that 
putty  became  volatile  during  Polyurethane 
curing  cycle  and  lubricated  wires. 

Wire  failure.  Indications  of  Polyurethane 
bearing  against  wires  over  guides.  This  could 
be  attributed  to  potting  shrinkage  and  potting 
cover  shifting  during  loading. 


allatlon  of  the  basic  wire-platen  assembly  (wire,  platen,  guides,  filler,  and  tongue). 


TABLE  XII  (continued)  ^BLI 
LABORATORY  TEST  RESULHATC 
OF  THE 

SELF-STORING,  WIRE-BENDING  ENE.WIRE 


PREPULL  LOADS 

FINAL  PULL  LOADS 

T  EST  UNIT  CON  FI  1 

Test 

Peak 

Fluctuation 

Peak 

Fluctuation 

"o. 

(lb.) 

(lb.) 

(lb.) 

(lb.) 

37  5000  4700-4800  7000  Same  as  Test  36  exceptame 

at  guides  location  priort  gui< 
Mylar  Film  and  potting.[ylar 


38  5100  4600-4900  7000  Same  as  Test  37  exceptame 

side  edges  of  platen  neajde  e 
included.  iclud 


39 

5500 

4600-4800 

6800 

40 

4600 

3900-4200 

4000 

43 

5000 

4400-4800 

7500 

45 

(40) 

5490 

5400-5200 

4800 

43A 

5760 

5400-5600 

43B 

5135 

4800-5000 

43B1  6000 


3800-4000 


4000-4400 


Halted  Test 


Same  as  Test  38  exceptame 
replaced  by  3/16"  spaoeplac 

°ame  as  Test  39  exceptame  i 
■  ,'2  included  on  side  edjas  in 
location;  wire-platen  as(catic 
and  cut  potting  paper  wd>d  cu 
tongue  plates.  ingue 


Same  as  Test  40  exceptame  i 
was  cleaned  in  Chloroth^is  cl 

Steel  shields  (25  gauge)  |eel  s 
wires  and  shrunk  with  hires  i 
platen  assembly;  was  ncaten 
thene  solution.  No  Polyuene  s 


Same  as  Test  45  except 
was  cleaned  in  Chlorot! 
urethane  potting. 


me  a 
cl< 
ethai 


hluB 


Wire-platen  assembly 
thene  solution.  Prepullefei 
stroke  and  halted  test, 
potting  used. 


Used  same  wire-platen 
43 B;  was  cleaned  In  Chi 
Continued  pull  test. 


re-p 
me  s 
oke 
tting 


led  si 
;  wi 
intinu 


47 


4800 


4400-4600 


5200 


4580-4820 


Mylar  Film  and  Polyure/lar  ] 


♦This  column  describes  the  additional  parts  and  operations  undertaken  after  installation  of  the  bar  inst 


,LE  XII  (continued) 
vTORY  TEST  RESULTS 
OF  THE 

RE-BENDING  ENERGY  ABSORBERS 


TEST  UNIT  CONFIGURATION 


DESCRIPTION  OF  TEST  RESULTS 


ne  as  Test  36  except  1/8"  spacers  added 
guides  location  prior  to  installation  of 
lar  Film  and  potting.  Also  removed  putty. 

ie  as  Test  37  except  a  set  of  grooves  on 
5  edges  of  platen  near  tongue  location  was 
[uded. 

le  as  Test  38  except  1/8"  spacers  were 
laced  by  3/16"  spacers. 

le  as  Test  39  except  another  set  of  grooves 
included  on  side  edges  of  platen  at  guides 
ition;  wire-platen  assembly  was  not  cleaned; 
cut  potting  paper  was  thin  at  front  end  of 
jue  plates. 

ie  as  Test  40  except  wire-platen  assembly 
cleaned  in  Chlorothene  solution. 

1  shields  (25  gauge)  placed  over  exposed 
is  and  shrunk  with  Mylar  Film  to  wire- 
sn  assembly;  was  not  cleaned  in  Chloro- 
e  solution.  No  Polyurethane  potting. 

e  as  Test  45  except  wire-platen  assembly 
cleaned  in  Chlorothene  solution.  No  F oly- 
hane  potting. 

j-platen  assembly  not  cleaned  in  Chloro- 
e  solution.  Prepulled  assembly  a  short 
Ke  and  halted  test.  No  Mylar  Film  or 
ng  used. 

I  same  wire-platen  assembly  as  for  Test 
was  cleaned  in  Chlorothene  solution, 
inued  pull  test. 

.r  Film  and  Polyurethane  Potting. 


Wire  failure.  Similar  to  above. 


Wire  failure.  Similar  to  above. 


Wire  failure.  Similar  to  above. 

Prepull  and  final  pull  loads  are  in  acceptable 
ratio.  Attributed  to  reducing  of  potting  stiff¬ 
ness  at  pertinent  tongue  location. 


Wire  failure.  Potting  shifted  during  pull 
test. 

Final  pull  loads  were  lower  than  prepull 
loads. 


Wire  failure.  Concluded  that  cleaning  in 
Chlorothene  solution  reacted  with  wire  and 
platen  to  produce  adverse  pull  loads. 

Tests  43B  and  13B1  definitely  prove  that 
cleaning  assembly  in  Chlorothene  solution 
has  adverse  effect  on  pull  loads. 


High  peak  load  -  fluctuation  in  acceptable  range. 


nstailation  of  the  basic  wire-platen  assembly  (wire,  platen,  guides,  filler,  and  tongue). 
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TABLE  XII  (continued) 
LABORATORY  TEST  REStf 
OF  THE 

SELF-STORING,  WIRE-BENDING  ENEtVIRE 


*\BLI 

RAT< 


PREPULL  LOADS 

FINAL  PULL  LOADS 

TEST  UNIT  CONF 

1  T 

Test 

Peak 

Fluctuation 

Peak 

Fluctuation 

No. 

(lb.) 

_ i 

(lb.) 

(lb.) 

(lb.) 

53 

4910 

4400-4700 

4780 

4400-4780 

50 

5100 

4800-4900 

5100 

4600-4900 

51 

5120 

4800-4900 

5060 

4400-4900 

52 

5150 

4900-5000 

4900 

4400-4900 

56 

5120 

4600-4800 

5400 

5100-5200 

54 

4940 

4800-4900 

4820 

4600-4800 

55 

5160 

4730-4970 

4950 

4700-4900 

5300 

4900-5100 

57 

4960 

4600-4800 

4800 

4900-5000 

Shields  over  tongue  arhield: 
potting.  Potting  cut  at  btting 
Wire-platen  assembly  fire-] 
on  platen.  n  plal 


Same  as  Test  53  abo^mme  i 


Same  as  Test  50  abo  £ 

not  cut  at  front  end  of  bt  cut 


Same  as  Test  51  above  ne  £ 


Same  as  Test  51  aboV 
after  potting  were  seif 
lucent  Sealant. 


qune  a 
ter  p 
cent 


Same  as  Test  56  excejji 
sealed  by  taping  prior 
Translucent  Sealant. 


me  a 

baled 

ransl 


Same  as  Test  54. 


une  a 


Same  as  Test  54. 


line  a 


♦This  column  describes  the  additional  parts  and  operations  undertaken  after  installation  of  their  insl 
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1LE  XII  (continued) 

^TORY  TEST  RESULTS 
OF  THE 

RE-BENDING  ENERGY  ABSORBERS 


TEST  UNIT  CONFIGURATION* 

DESCRIPTION  OF  TEST  RESULTS 

;lds  over  tongue  area,  Mylar  Film  and 
ing.  Potting  cut  at  front  end  of  tongue, 
e-platen  assembly  has  two  sets  of  grooves 
>laten. 

Pull  loads  are  In  acceptable  range. 

ie  as  Test  53  above. 

High  peak  load  was  caused  by  the  potting  on 
the  front  end  of  the  tongue  as  it  separated. 

It  rotated  and  hung  upon  tongue  until  complete 
separation. 

e  as  Test  50  above  except  potting  was 
cut  at  front  end  of  tongue. 

Final  peak  load  of  5060  was  momentary  and  Is 
not  felt  to  be  significant. 

e  as  Test  51  above. 

Pull  loads  are  In  acceptable  range. 

e  as  Test  51  above  except  all  openings 
r  potting  were  sealed  with  RTV-108  Trans- 
nt  Sealant. 

Sealant  became  volatile  during  its  curing 
cycle  and  amplified  the  final  pull  loads  as 
Indicated. 

e  as  Test  56  except  all  openings  were 
ed  by  taping  prior  to  applying  RTV-108 
is  lucent  Sealant. 

Pull  loads  are  in  acceptable  range. 

e  as  Test  54. 

The  lower  set  of  final  loads  is  based  on  rate 
of  pull  load  that  Is  consistent  with  previous 
tests.  Loads  are  acceptable.  The  higher  pull 
loads  were  a  result  of  Increasing  rate  of  pull 
during  test. 

3  as  Test  54. 

Pull  loads  are  acceptable. 

nstallation  of  the  basic  wire-platen  assembly  (wire,  platen,  guides,  filler,  and  tongue). 

Figure  57.  Platen,  Guides,  Filler,  and  Wire 


Figure  58.  Assembly  of  Platen,  Guides,  Filler,  and  Wires;  Plan  View 
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Figure  59.  Assembly  of  Platen,  Guides,  Filler,  and  Wires;  Side  View 


% 


Figure  60.  Assembly  of  Platen,  Guides,  Filler,  Wires,  and  Tongue; 

Plan  View 
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Figure  61.  Assembly  of  Platen,  Guides,  Filler,  Wires,  and  Tongue; 

Side  View 


Figure  62.  Configuration  of  Platen,  Guides,  Filler,  Wires,  and  Tongue 

Assembly  After  Pull  Tests 
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Figure  63.  Assembly  of  Placen,  Guides,  Filler,  Wires,  Tongue, 

and  Shields 


Figure  64.  Assembly  of  Platen,  Guides.  Filler,  Wires,  Tongue,  Shields, 

and  Mylar  Polyester  Film 


Figure  65.  Self-Storing,  Wire-Bending  Load  Limiter  Type  Energy 
Absorber  (5,000-Pound  Rated  Capacity) 


Figure  66.  Self-Storing,  Wire-Bending  Load  Limiter  Type  Energy 
Absorber  (10,000-Pound  Rated  Capacity) 
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Figure  67.  Self-Storing,  Wire-Bending  Load  Limiter  Type  Energy  Absorber 
(5,000-Pound  Rated  Capacity)  Attached  in  Test  Machine  Prior  to  Pull  Test 


i 
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Figure  68.  Self-Storing,  Wire-Bending  Load  Limiter  Type  Energy  Absorber 
(5,000-Pound  Rated  Capacity)  Attached  in  Test  Machine  After  Pull  Test 
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APPENDIX  IV 

STUDY  OF  TEST  METHODS 


GENERAL 


The  purpose  of  the  study  is  to  determine  the  most  expedient  method  of  testing  for 
pulse  duration  of  various  magnitudes.  The  test  methods  described  herein  are 
predicated  on  an  equivalent  square  pulse  curve  simulating  the  triangular  pulse- 
duration  criterion  of  25-g  intensity  and  0.25-second  duration.  Each  test  method 
is  analyzed  for  its  pulse  envelope  limitations  and  is  depicted  in  an  acceleration 
pulse  envelope. 

The  forthcoming  section  is  the  analysis  of  the  equivalent  square  pulse  curve 
followed  by  the  test  methods.  The  methods  discussed  are  of  the  categories  of 
arrestment  and  momentum  exchange.  Both  full-scale  and  model  testing  are  con¬ 
sidered. 

An  arrestment  method  is  accomplished  by  decelerating  a  moving  vehicle,  by 
applying  brakes  or  impacting  a  cable  or  rope,  and  by  transferring  the  vehicle's 
kinetic  energy  to  an  energy  absorbing  or  dissipating  system.  A  momentum  ex¬ 
change  method  is  accomplished  by  transferring  energy  from  one  body  to  another 
by  impact  of  the  two  bodies. 

EQUIVALENT  SQUARE  PULSE  CURVE 


An  equivalent  square  pulse  curve  that  will  simulate  the  triangular  pulse-duration- 
envelope  criterion  is  dependent  on  the  characteristics  of  the  restraint  system.  A 
dynamic  analysis  will  be  undertaken  to  derive  such  an  equivalent  square  curve 
that  will  simulate  the  equivalent  restraint  stroke  responding  to  the  triangular 
pulse  envelope.  Figure  69  is  the  equivalent  curve,  and  Figure  70  shows  an  approx¬ 
imated  restraint  characteristic  of  the  proposed  energy  absorber  tie-down  assem¬ 
bly. 
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Load _ "V  _ Deceleration 


t 


T 


Time 


Figure  69.  Equivalent  Square  Pulse  Curve 


Deflection 

Figure  70.  Approximated  Characteristics  of  Restraint  System 


Figure  71.  Simulated  Aircraft,  Cargo,  and  Restraints 
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Figure  72.  Free  Body  of  Cargo  and  Restraint  Forces 


AE  3  equivalent  deceleration  g's  of  vehicle 
R  *  simulated  crash  acceleration  pulse 
p  •  restraint  load 

X  *  aircraft  stroke 

Y  *  cargo  stroke 

2  3  restraint  deflection 

Tg  3  equivalent  pulse  duration 
t  *  time  interval 


The  deceleration  of  the  vehicle  is 


From  Figure  72, 


where 


For  0-stSTE 


X  3  ae 

for  ostsTg 

•• 

X  *  o 

for  t  fit  T  E 


mY  *  -P 
Y  .  Q2 


X  3  V0  ♦  Agt 


(40) 
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where 


X  *  V0  at  t  ■  o 


X 


v0t  + 


(41) 


For  t  5:  Tg. 

X  *  0 

where 

X  8  V-|-  *  o  at  t  * 


where 

V0  8  impact  velocity  8  "  A  g  Tj? 
X  *  aircraft  velocity 
Also, 

Y  8  VQ  -  Q2 1 
where 


Y  8  cargo  velocity 

Y  8  V0  at  t  *  o 


Y  8  V0t 


Q2  t 2 

2 


(42) 


(43) 


(44) 


(45) 


(46) 


From  equations  (40),  (42),  and  (45),  the  plot  of  Figure  73  is  delineated.  It  can  be 
depicted  from  the  figure  that  the  cargo  decelerates  at  a  greater  velocity  than  the 
vehicle;  therefore,  a  stroke  results  between  the  two  masses  that  is  realised  in  the 
restraint  system.  The  difference  in  area  under  the  two  curves  results  in  the 
restraint  deflection  and  is  derived  as  follows: 
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Figure  73.  Vehicle  and  Cargo  Velocity  Versus  Time 


when  f  «  Tj  •,  then  Y  *  o 
and  VQ-  QZT,  *  o 


T 


I 


Vo 

Q2 


Therefore, 


Z  * 


VqZ  VqT 
20*"  2 


Using  equation  (44), 


Rewrite  the  above  equation  with  Ag  as  a  function  of  Tg,  Q,  and  A. 


(47) 


(48) 


(49) 
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TE  -  EQUIVALENT  PULSE  DURATION  -  SECONDS 


Figure  74.  Equivalent  Pulse  Envelope  Corresponding  to  Triangular  Pulse 
Curve  of  -25  g's  and  .25-Second  Duration,  Which  Results 
in  2  Feet  of  Restraint  Deflection 
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By  substituting  Q2  =  15  g'8  and  z  =  2  feet  and  various  values  of  TE  In  equation 
(49),  tbe  curve  of  Figure  74  Is  delineated.  Any  combination  of  Ag  and  T£  depicted 
from  the  curve  will  simulate  the  triangular  pulse-duration  criterion.  It  can  be 
seen  that  the  curve  Is  asymptotic  about  its  abscissa  and  ordinate.  A  large  devia¬ 
tion  In  the  high  g  value  will  result  in  a  small  change  in  the  pulse  duration; 
a  small  deviation  In  the  lower  g  values  will  result  In  a  large  change  in  the  pulse 
duration. 

MODEL  MOMENTUM  EXCHANGE  METHOD 


In  order  to  obtain  dynamic  similarity  for  a  scaled  test,  it  is  necessary  to  know  the 
ratio  In  which  the  various  parameters  of  the  test  will  have  to  be  scaled  for  the 
test  to  be  extrapolated  to  a  reliable  prediction  of  full-size  performance.  In  ad¬ 
dition,  the  scale  factors  will  affect  the  extrapolation  ratios  themselves.  To 
compute  the  scale  factors  it  Is  assumed  that  restraint  stroke  is  a  function  of  the 
various  test  parameters  listed  below.  These  variables  are  collected  into  dimen¬ 
sionless  ratios,  and  the  stroke  function  Is  expressed  In  terms  of  these  ratios.  For 
dynamic  similarity,  It  is  necessary  that  the  ratios  have  the  same  values  for  the 
test  as  for  the  prototype.  This  criterion  of  equal  value  then  provides  us  with  the 
necessary  scaling  ratios. 


Second 

Pounds 

Feet/Second 

Pounds-Second2 

Foot 

Feet/Second2 

Feet 


T  Pulse  duration 

P  Restraint  load 

VQ  Impact  velocity 

m  Cargo  mass 

g  Acceleration  of  gravity 

S  Restraint  stroke 


A  dimensionless  ratio  cannot  be  made  from  V0,  m,  and  g.  However,  one  can  be 
made  using  these  and  any  other  listed  parameters.  Using  each  of  the  remaining 
parameters,  the  following  dimensionless  ratios  are  possible: 


1.  T  (pulse  duration  ratio) 


2.  P  (restraint  load  ratio) 


3. 


(Tg) 

(v0) 


PT 

mV0 


.is. 

Vo 


I 
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The  stroke  function  In  terms  of  the  dimensionless  ratios  Is 


S  .  ^  ,  [liL  .  _£I_1 
9  [v0  mV,  J 


If  V0  Is  reduced  by  a  factor  of  /N*  where  N<l ,  then  the  scaled  test  parameters 
are  as  follows: 


2. 


<T>Test 

*  /N  T 

1EI 

.  P. 

M  Test 

m 

(S)Test 

*  NS 

It  can  be  seen  from  the  above  results  that  the  ratio  of  restraint  load  to  cargo 
mass  Is  In  the  same  proportion  for  the  model  and  prototype.  Also  Indicative  is 
the  fact  that  these  parameters  are  Independent  of  the  other  variables.  The  re¬ 
maining  parameters  (restraint  stroke,  Impact  velocity,  and  pulse  duration)  are 
dependent  on  each  other.  The  results  of  the  above  dimensionless  analysis  will  be 
utilized  In  the  following  section. 

1.  Honeycomb  Decelerator. 


Precrushed  paper  honeycomb  can  be  effectively  used.  Impacting  precrushed 
honeycomb  will  result  in  a  flat  force-time  curve  response;  therefore,  the 
equivalent  square  curve  pulse  will  have  to  be  utilized. 

Deceleration  of  the  test  vehicle  is  accomplished  by  Impacting  the  test  vehicle  into 
precrushed  paper  honeycomb,  which  acts  as  the  energy-absorbing  medium.  Figure 
75  shows  arrangement  of  the  test  method.  An  accelerator  vehicle  will  accelerate 
the  test  vehicle  to  the  desired  Initial  speed.  The  test  vehiole,  with  the  aid  of  a 
bumper,  will  Impact  the  precrushed  honeycomb  decelerator  material,  sustaining 
a  predetermined  force-time  interval.  The  chart  (Figure  76)  depicts  the  char¬ 
acteristic  flat  force-time  response  curve  obtained  with  honeycomb  decelerate rs. 
The  dotted  line  Indicates  the  initial  force  that  would  be  developed  to  Initiate 
buckling  of  the  oore.  By  using  precrushed  material,  as  has  been  Indicated  above, 
this  peak  no  longer  exists,  and  a  relatively  constant  force  can  be  maintained 
during  the  test  stroke. 
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Figure  75.  Honeycomb  Decelerator 


Figure  76.  Force-Time  Response  Curve 

Below  is  a  table  of  the  prototype  versus  model  parameters.  The  scaled  value  N 
was  selected  at  1/6,  and  AE  and  Tg  were  depicted  from  Figure  74. 


TABLE  XHI 

PROTOTYPE  VERSUS  MODEL  PARAMETERS 


Prototype 

Model 

z 

=  24  inches 

Z 

=  4  Inches 

ae 

=  15.7  g's 

ae 

=  15.7  g's 

te 

=  0.25  second 

te 

=  0.102  second 

Vo 

=  127  feet/second 

(87  miles/hour) 

v0 

=  51.5  feet/second 

(35.3  miles/hour) 

P_ 

m 

=  15  g's  =  483 
feet/second2 

_p 

m 

=  15  g's  =  483 

feet/second^ 

The  crushing  force  required  is 

F  =  -MA„  +  P 
E 


p  in  this  equation  depends  on  the  cargo  mass.  Selecting  a  cargo  weight  of  100 
pounds,  P- 1,400  pounds.  This  1,400-pound  restraint  load  will  be  divided  among 
the  number  of  restraints  used.  Assuming  a  5,000-pound  vehicle,  the  total  crushing 
force  Is 


F  =  -(5,000)  (-15.7)  +  1,400  =  78,500  pounds 


127 


The  allowable  paper  honeycomb  core  pressure  will  vary  with  each  manufactured 
lot,  depending  on  quality  control,  humidity,  age,  and  other  factors.  Therefore,  a 
trial  run  is  necessary  to  obtain  the  specific  value  of  the  stock  to  be  used  at  the 
time  of  use.  It  has  been  ascertained  that  an  average  allowable  strength  of  1/2- 
lnch,  80-pound  Kraft  material  is  6,000  psf.  Then 


Honeycomb  decelerator  surface  area- 


78,500 

6,000 

13  square  feet 


The  honeycomb  core  thickness,  S,  is 
S  -  -1/2  Ae  <Te)2 
S  =  1/2  (-15.7  X  32.2)  (.102)2 


S  -  2.63  feet  (31.7  inches) 


Use  a  minimum  of  42  Inches  of  full  thickness  core. 


The  above  analysis  indicates  that  this  test  method  is  operationally  feasible.  Neg¬ 
lected  In  the  analysis  is  the  onset  rate,  which  is  the  buildup  to  the  15.7-g  level. 
A  less  rapid  onset  can  result  in  a  deviation  from  the  restraint  stroke.  However, 
it  is  expected  that  such  a  deviation  will  be  conservative.  The  onset  rate  will  be 
determined  during  the  trial  run.  Any  reasonable  deviation  will  be  corrected  for 
by  recalculation.  It  is  expected  that  the  onset  rate  for  this  test  method  will  be 
rapid  and  that  no  correction  will  be  required.  The  onset  rate  could  be  controlled 
if  necessary.  This  is  accomplished  by  tapering  the  honeycomb  to  a  preselected 
depth;  thus,  the  cross-sectional  area  will  vary  with  each  Incremental  depth. 

The  decelerator  is  sensitive  to  the  function  of  the  square  of  the  velocity.  Because 
of  this,  the  engaging  velocities  should  be  controlled  within  very  small  tolerances 
at  the  higher  g  levels.  Operating  a  truck  as  the  propulsion  vehicle,  within  low 
velocity  tolerances,  Is  possible. 

2.  Shock  Struts  Decelerator 


The  kinetic  energy  of  the  Impacting  vehicle  will  be  utilized  to  push  a  mandrel  Into 
whloh  balls  have  been  inserted  along  a  preselected  number  of  tubes,  causing 
interference  between  the  balls  and  tubes.  A  boom  on  the  front  end  of  the  vehicle 
will  act  In  ^telescopic  manner  as  the  driving  force  on  the  mandrel.  The  balls  will 
deform  tha  tubes  with  sufficient  force  to  develop  enough  work  available  from  the 
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kinetic  energy  of  the  vehicle.  Figure  77 delineates  the  balls,  mandrel,  and  struts, 
and  Figure  78  shows  the  arrangement  of  the  test  method. 

This  method  of  deceleration  Is  similar  to  the  honeycomb  method  In  that  an  equiv¬ 
alent  square  pulse  curve  will  have  to  be  utilised.  The  tubes  will  be  swaged  a 
prescribed  length  prior  to  testing  to  eliminate  any  Initial  peaking  force;  therefore, 
a  constant  force  can  be  maintained  throughout  the  required  stroke.  Also,  the  onset 
rate  Is  rapid,  therefore  simulating  the  "equivalent"  pulse  curve  onset  rate.  A 
truck,  as  the  propulsion  vehicle,  can  be  utilized  within  allowable  velocity  tol¬ 
erances. 

Since  the  force-time  response  curve  is  flat  (see  Figure  76),  the  analogy  between 
the  model  and  prototype  depicted  in  Table  Xin  and  the  previously  calculated 
Impacting  force  and  stroke  of  78,500  pounds  and  31.7  Inches  Is  applicable. 

In  order  to  prevent  a  hammering  effect  at  time  of  Impact,  a  small  cylinder  of 
polyurethane  will  be  bonded  on  the  end  of  the  boom.  The  polyurethane  shock 
absorber  will  be  utilized  to  maintain  the  desired  onset  rate. 

All  American  Engineering  Company  has  designed  and  proven  the  capabilities  of 
the  shock  struts,  and  pertinent  data  can  be  found  in  bibliography  reference  11. 

FULL-SCALE  MOMENTUM  EXCHANGE  METHOD 


1.  Honeycomb  Decelcrator 

This  method  of  testing  is  similar  to  the  model  analysis  (page  125)  except  on  a  full- 
scale  basis.  A  chart.  Figure  79,  was  constructed  to  obtain  the  core  thickness  or 
stroke,  S,  and  Impact  velocity,  V,  that  are  required  for  an  "equivalent"  square 
pulse  curve.  The  curves  are  also  based  on  an  onset  rate  of  500  g's  per  second. 
As  an  example,  for  a  pulse  duration  of  10  g's  at  0.16  second,  a  total  core  thick¬ 
ness  of  50  Inches  and  an  Impact  velocity  of  53  feet/second  are  required. 

For  the  characteristics  of  the  honeycomb  and  all  other  pertinent  aspects,  see  the 
section  "Model  Momentum  Exchange  Method"  on  page  124. 

2.  Spring  Decelerator 


For  this  method,  two  dead  loads  will  be  used  as  delineated  In  Figure  80.  The  test 
load  vehicle,  being  the  Impact  vehicle,  will  be  of  the  minimum  weight  capable  of 
simulating  the  cargo  payload  and  designed  to  withstand  the  designated  design 
loads.  The  other  vehicle  will  be  an  existing  dead  load  dolly,  the  property  of  All 
American  Engineering  Company.  A  set  of  springs  In  parallel,  either  air  or  gas 
such  as  dry  nitrogen,  with  accumulators,  will  be  attached  to  this  vehicle,  which 
will  be  at  rest  until  impacted  by  the  test  vehicle.  The  Impacting  is  to  be  accom¬ 
plished  by  having  a  bumper  on  the  test  vehicle  make  contact  with  a  hydraulic 
spring  to  relieve  the  Initial  shock  load  and  obtain  the  onset  rate,  which  is  an 
Integral  part  of  the  hardware  that  make  up  the  kinematics  of  the  piston  rod  (see 
Figure  80).  After  Impact,  both  vehicles  will  be  moving  and,  when  the  pressures 
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Figure  77.  Shock  Strut! 
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Figure  78.  Shock  Struts  Deceler&tor 
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Figure  80.  Spring  Decelerator 


in  the  springs  exceed  a  predetermined  value,  the  gas  will  tend  to  fill  the  accu¬ 
mulators.  The  accumulators  will  also  release  this  gas  when  the  cylinder  stroke 
is  reversed,  the  maximum  stroke  being  accomplished  when  the  piston  is  returned 
to  its  original  position  prior  to  impact.  A  constant  force  is  then  felt  by  both 
vehicles,  resulting  in  a  constant  deceleration  of  the  test  vehlole.  Therefore,  a 
square  acceleration  pulse  is  imparted  to  the  test  vehicle. 

The  vehicles  at  the  completion  of  the  test  will  coast  to  a  stop  under  their  own 
resistance.  The  impact  vehicle  moves  at  a  slower  speed  than  the  Impacted  vehicle. 
This  is  true  since  the  cylinder  stroke  can  be  reversed  during  the  test  operations. 
As  a  precautionary  measure,  a  net  can  be  stretched  vertically  across  the  end 
of  the  runway  to  catch  die  vehicles  if  a  complete  stop  is  not  Imminent. 

The  equations  that  define  die  maximum  cylinder  strokes  and  maximum  pulse  times 
as  a  function  of  the  vehicle  weights,  impact  velocity,  and  spring  force  are  shown 
below  and  are  related  to  Figure  81. 


spring 

1 


/  /9/  /  tfrr 


El 


w 


2 


Test  and  Impact  Vehicle 


/ffV/ ////})  /  / 


Figure  81.  Test  Vehicle  Impacting  Stationary  Dolly 
Maximum  cylinder  stroke: 


max 


1 

~2g 


<W1  W2) 


F  (Wj  +  W2) 


Maximum  pulse  time: 


2V  .W,  W0, 
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where 


Vq  Is  Impact  velocity 

F  Is  spring  force 

Is  weight  of  test  vehicle 
Wg  Is  weight  of  stationary  dolly 


These  equations  were  rewritten  In  order  to  plot  acceleration  versus  maximum 
pulse  time  and  cylinder  stroke.  The  rewritten  equations  are 


T 


max 


2V  X 
=  0 

A 


Z 


max*5 


V 

o 

2A 


where 


X 


w 

w~f“w 


A  =  acceleration 


The  plots  of  these  equations  are  delineated  In  Figures  82  and  83.  For  simplicity, 
ths  vehicle  weights  were  assumed  to  be  equal,  and  an  impact  velocity  range  of 
60  to  240  feet  per  second  was  considered.  Interpolation  between  these  curves 
would  give  results  for  any  desired  Impact  velocity.  Also,  it  is  possible  to  deter¬ 
mine  the  maximum  time  duration  and  stroke  for  vehicles  of  different  weights  by 
substituting  into  X  the  ratio  of  andW2  &nd  multiplying  this  result  by  a  factor  of 
two  and  the  readings  depicted  from  the  curves.  As  an  example,  consider  an  accel¬ 
eration  of  15  g's,  associated  with  an  Impact  velocity  of  120  feet  per  second,  and 
die  test  vehicle's  weight,  Wi,  equal  to  one-half  the  impacted  vehicle's  weight, 
W2.  Then  15  g's  refers  to  0.33  second  of  pulse  time  duration  and  10  feet  of 
cylinder  stroke  as  depicted  from  the  figures. 

3.  Pendulum 


The  test  dolly  and  its  cargo  are  released  In  pendular  fashion  from  a  tower  in¬ 
stalled  at  All  American  Engineering  Company's  Georgetown  facility.  The  pendular 
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Figure  82.  Maximum  Pulae  Time  Limitations  for  Spring  Decelerator 


vehicle  will  Impact  an  energy-absorbing  devloe,  such  as  the  previously  mentioned 
paper  honeyoomb  (see  Figure  64).  The  pendulum  pivot  is  located  at  the  top  of  the 
tower,  with  a  winch  to  raise  the  test  vehiole  to  a  predetermined  test  position. 

The  limitation  to  this  test  method  is  the  tower's  height  of  60  feet.  If  die  test  vehi¬ 
cle  Is  released  at  an  angle  of  1 80  degrees ,  the  maximum  Impact  velooity  is  88  feet 
per  second.  Based  on  utilizing  100  Inches  of  honeycomb  core  thickness  stacked 
together,  the  maximum  square  curve  pulse-time  duration  is  14.5  g's  at  0.19 
second.  These  numerical  values  come  from 

\  -Vis' 

V  *  V2  x  82.2  x  120  -  88  ft.  /  sac. 

Q 

where 

h  *  height  of  test  vehicle; 
and 

S  «  1/2  V  T 
o 

where 

S  *  stroke  (core  thickness) 

V  *  Impact  velooity 

T  *  pulse  time  duration 


T  *  * #,w 


from 


ngT 


n 


88 

32,9  X  0.19 


-  14.4 


1S8 


Figure  84.  Pendulum 
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where 


n  3  number  of  g's 


Figure  85  deplots  the  accelerations  and  time  Intervals  for  a  square  pulse  curve 
that  are  applicable  to  this  test  method  for  various  pendulum  positions  and  a  multi¬ 
ple  of  honeycomb  panels  totaling  100  Inches  of  core  thickness.  As  an  example.  It 
Is  possible  to  decelerate  the  test  vehicle  at  5  g's  for  0.32  second. 

It  is  easy  to  visualize  rotating  the  pendulum  arm  180  degrees  to  the  position  In 
which  the  vehicle  and  Its  cargo  are  upside  down.  The  pendulum  arm  Is  attached  to 
the  dolly,  and  the  cargo  will  be  held  In  place  by  Its  restraints.  However,  the  cargo 
will  oscillate  as  the  pendulum  Is  rotating  prior  to  Impact.  These  oscillations  will 
have  to  be  controlled  so  as  not  to  produce  an  appreciable  effect  In  the  deflection 
of  the  restraints. 

4.  Guillotine 


The  object  of  this  method  Is  to  drop  the  test  vehicle  from  a  tower  on  an  energy¬ 
absorbing  device  such  as  paper  honeycomb.  The  test  vehicle  is  raised  by  a  winch, 
and  guide  rails  are  used  to  insure  that  the  dead  load,  when  released,  Impacts  the 
desired  area.  The  tower  Installed  at  All  American  Engineering  Company's 
Georgetown  facility  could  be  used  with  modifications.  Figure  86  shows  the  guillo¬ 
tine  method. 

This  method  of  testing  Is  very  limited  In  that  the  height  of  drop  Is  46  feet.  At  this 
height,  a  maximum  Impact  velocity  of  54  feet  per  second  Is  applicable.  Figure  87 
depicts  the  acceleration-time  intervals,  for  a  square  pulse  curve,  that  can  be 
preselected  for  testing. 

The  equations  utilized  to  plot  Figure  87  are 

V  =  V  2  gh 
S  3  1/2  VT 

V  =  ngT 


where 


h  =  height  at  which  test  vehicle  is  released 
g  =  acceleration  of  gravity,  32.2  ft./sec. 

V  3  Impact  velocity 
T  =  pulse  time  duration 
n  =  number  of  g's 
S  =  honeycomb  core  thickness 
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Figure  85.  Limitations  of  Equivalent  Square  Acceleration  Pulse 
Envelope  for  Guillotine  Test  Method 
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This  method  Is  capable  of  a  maximum  square  pulse  envelope  of  5.5  g's  at  about 
0.30  second,  as  deploted  from  the  curve. 

FULL-SCALE  ARRESTMENT  METHODS 

1.  Piccolo  Tubes  as  Dynamic  Water  Brake 

The  information  contained  herein  Is  obtained  from  bibliography  reference  1  b. 

The  "piccolo  tube”  decelerator  is  a  linear  hydraulic  energy  absorber  which  dissi¬ 
pates  the  dolly  energy  by  the  displacement  of  water  through  multiple,  sharp-edge 
orifices  In  the  tube  wall.  Figure  88  shows  the  piccolo  tubes  and  test  vehicle  during 
arrestment. 

Depending  upon  the  magnitude  of  deceleration  desired,  a  choice  of  two  or  four 
decelerator  tubes  can  be  used  in  parallel.  The  dolly  to  be  utilized  with  this  test 
method  will  have  hooks  Installed  near  the  aft  end  of  the  dolly  which  engage  cables 
leading  into  the  tubes.  Pistons  at  the  ends  of  the  cables  form  a  tight  seal  with  the 
tube  walls  and  displace  water.  By  programming  the  orifice  hole  sizes  along  the 
length  of  the  tube,  a  square  pulse  curve  and  a  constant  pressure  (and,  thus,  a  con¬ 
stant  retarding  force)  can  be  achieved  throughout  the  arresting  stroke.  Also,  the 
orifice  hole  sizes  can  be  programmed  to  produce  a  triangular  pulse  curve 
throughout  the  arresting  stroke. 

The  curve  of  Figure  89  depicts  the  possible  limitations  that  can  be  accomplished 
for  the  equivalent  square  pulse  curve.  As  an  example.  It  is  possible  to  obtain  8 
g's  for  0.36  second.  The  curves  are  based  on  a  test  dolly  of  12,000  pounds,  onset 
rate  of  500  g's  per  second,  and  the  following  equations: 

For  longitudinal  engagement,  the  equation 


tv®1*  qt  (60) 


Is  applicable  (see  reference  1  o) 


where 


(VQ)  max 
C 
E 

<1 

F 


the  maximum  Impact  velocity 
speed  of  sound  In  cable 
modulus  of  elasticity  jf  cable 
metallic  cross  section  of  cable 
retarding  force 
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Figure  88.  Piccolo  Tubes  as  Dynamic  Water  Brake 
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T 


n 


(51) 


S  -  1/2  ngT2 


where 

T  8  pulse  time  duration 
n  8  number  of  g's 

2 

g  3  acceleration  of  gravity,  82.2  ft/seo. 

Vq  3  obtained  from  equation  (50)  and  F  3  nW 
S  3  stroke  In  tubes 


(52) 


Equation  (52)  Is  an  approximate  equation  that  Is  utilised  to  check  the  tube  stroke, 
which  is  limited  to  about  35  feet.  The  cable  size  will  also  be  limited,  based  on  the 
Impact  velocity  that  Is  capable  of  the  limited  stroke.  An  onset  rate  of  500  g's/ 
second  was  considered. 

The  cable  sizes  considered  were  the  minimum  diameter  sizes  capable  of  with¬ 
standing  the  maximum  retarding  force  and  limiting  stroke  In  the  tubes.  It  is  not 
economically  feasible  to  use  a  different  cable  after  every  shot;  therefore,  depend¬ 
ing  on  the  number  of  test  runs  desired,  a  minimum  number  of  cables  should  be 
used  to  accomplish  a  buildup  In  the  Incremental  g  load. 

The  deoelerator  la  Installed  at  All  American  Engineering  Company's  Georgetown 
facility.  The  company  has  conducted  a  crash  resistant  fuel  system  test  for  the 
Federal  Aviation  Agency  In  which  Increments  of  g  were  applied  dynamically  to  a 
test  vehiole  bearing  an  aircraft  wing  section.  See  reference  1  b. 

Engaging  speed  Is  quite  oritloal  In  obtaining  the  proper  deceleration  level.  The 
deoelerator  Is  sensitive  to  the  function  of  the  square  of  the  velocity.  Because  of 
the  variation  In  the  local  wind  velooity,  operation  of  the  Jet  car  within  very  limited 
velocity  toleranoes  is  difficult. 

2.  Stainless  Steel  Strap  Deoelerator. 


The  stainless  steel  strap  deoelerator  Is  an  energy  absorber  which  dissipates  the 
dolly  energy  by  strain  energy  of  the  material.  Figure  90  delineates  the  stainless 
steel  straps  and  test  vehiole  during  arrestment. 

The  lengths  of  steel  straps  to  be  used  depend  on  the  magnitude  of  deceleration 
and  pulse  time  duration  desired.  An  equivalent  square  acceleration  pulse 
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Figur#  90.  Stainlaaa  Steal  Decaler&tor 
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envelope  can  be  simulated  by  this  test  method.  Similar  to  the  piooolo  test  method, 
a  dolly  with  hooks  built  near  the  aft  end  engages  cables  leading  to  the  straps.  The 
straps  are  elongated  to  a  length  not  greater  than  90  peroent  of  their  breaking 
strength,  which  is  equivalent  to  36  peroent  of  the  total  elongation.  Figure  91  rep¬ 
resents  the  stress-strain  curve  for  302  annealed  stainless  steel  sheets.  The  curve 
is  in  terms  of  percent  breaking  strength  versus  percent  elongation. 

The  curve  of  Figure  92  represents  the  capability  with  respect  to  an  equivalent 
square  acceleration  pulse  curve.  Also  shown  in  the  figure  are  the  different  steel 
lengths  that  are  required  for  these  limitations.  As  an  example,  a  16-g  load  would 
require  a  steel  sheet  40  feet  in  length,  while  a  10-g  load  would  require  60  feet. 
The  curve  is  based  on  a  test  dolly  of  12,000  pounds  and  a  maximum  impact  ve¬ 
locity  of  100  feet  per  second.  The  Impact  velocity  was  determined  for  equation 
(50).  The  curve  was  plotted  from  a  computer  analysis  that  involved  the  following 
*  equations: 


(53) 

(54) 

where 

T  =  tension  in  stainless  steel  sheet 
M  =  mass  of  test  vehicle 
x  =  elongation  of  stainless  steel  strap 
t  *  time  occurrence  of  elongation 
1  -  total  loogth  of  steel  strap 
e= log  base  e=  2.72 
B.  S.  ■  breaking  strength  of  steel 


.2 

T  «  M—f 
dt2 


T  *  1.122  -  ,722e  (-3'255-£)  B.  S. 


The  second  equation  above  is  the  equation  of  the  curve  of  Figure  91. 

The  g  loads  presented  in  Figure  92  are  average  loads.  The  computer  analysis 
shows  a  convex  curve  of  positive  slope  (see  Figure  93).  The  variation  in  g  loading 
is  more  pronounced  over  the  first  40  percent  of  the  pulse  curve,  with  the  remain¬ 
der  of  the  curve  being  relatively  flat.  It  is  difficult  for  any  test  method  to  produce 
a  flat  acceleration  pulse  curve.  A  plot  of  a  typical  acceleration  pulse  curve  is 
delineated  in  Figure  93.  The  average  acceleration  loads  are  a  means  of  repre¬ 
senting  the  des*  red  pulse  curve. 
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Figure  92.  Limitations  of  Equivalent  Square  Acceleration  Pulse  Envelope 

for  Stainless  Steel  Decelerator 
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Figure  93.  A  Typical  Acceleration  Pulse  Curve  for  Stainless  Steel  Decele^ator 


3.  Friction  Brakes 


Friction  brakes  are  utilized  to  stop  the  test  vehlole,  which  Is  guided  on  a  track 
(see  Figure  94).  The  brakes  are  adjusted,  prior  to  a  run  being  made,  to  a  pre¬ 
determined  clearance  with  the  top  flange  of  the  guide  track.  At  the  end  of  the 
acceleration  run,  the  guide  track  flange  gradually  thickens  to  a  predetermined 
thickness,  expanding  the  brakes.  This  provides  the  normal  force  necessary  for 
braking.  The  brake  rail  and  brakes  are  located  at  the  Georgetown  facility. 

A  curve,  Figure  95,  depicting  friction  coefficient  versus  vehicle  velocity  during 
the  braking  stroke,  has  been  replotted  from  a  previous  brake  test  (Report  N-313, 
bibliography  reference  1  d)  conducted  by  All  American  Engineering  Company.  From 
the  curve.  It  can  be  seen  that  the  friction  coefficient  Increases  from  the  moment 
the  vehicle  enters  the  brake  section  and  peaks  at  the  moment  It  comes  to  a  stop. 
This  follows  the  normal  characteristic  In  that  the  coefficient  of  rolling  friction 
Is  less  than  the  static  coe^^ent  of  friction. 

The  shape  of  the  friction-velocity  curve  is  Important  when  the  acceleration  pulse 
curve  that  can  be  imparted  to  the  test  vehicle  is  established.  The  approximate 
equation  of  the  friction-velocity  curve  Is 


u 


0.080  +  0.085e 


-0.0168(V) 


(55) 


where  u  Is  coefficient  of  friction.  This  equation  is  approximate  but  accurate 
enough  to  be  utilized  analytically. 

Vehicle  deceleration  and  pulse  duration  can  now  be  obtained  as  a  function  of 
velocity.  The  dynamic  equation  is 


(56) 


where 

Fg  *  total  force  from  brakes 
M  *  mass  of  vehicle 
dV 

—  **  vehicle  acceleration 
dt 

but 

F  *  uF 
B  N 
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Figure  94.  Friction  Brake* 
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where 


F.t  =  total  normal  force  on  brakes 
N 


Then 


M—  =  -uF, 


dv  -fvt 

—  *=  N  dt 

u  - 

m 


The  solution  to  this  equation  Is 


where 


*  -  ioik?  -•0168<v>  -to  <-08C  +  -085e  "0168<V)  l* 

L  Jo 


Vn  Is  final  velocity  of  vehicle 


Vq  Is  Initial  velocity  of  vehicle 


Also  with  the  vehicle's  acceleration,  A  =  — , 

dt 


A  -  -u- 


Uslng  equation  (55), 


A  =  ^  [.080  ♦  ,0S5e  -°168(V>] 


Equations  (57)  and  (58)  were  utilized  In  plotting  the  friction  brakes'  limitations 
(Figures  96  and  97)  and  are  based  on  the  expected  test  vehicle  and  cargo  weights. 
Figure  96  neglects  the  weight  of  the  brake  units,  while  Figure  97  Includes  the 
brake  weights  which  clearly  shows  the  effects  of  the  Increase  In  weight  on  the 
system.  The  charts  are  also  based  on  an  initial  braking  velocity  of  230  feet  per 
second,  8  brake  units,  and  the  maximum  brake  spring  setting. 
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Figure  97.  Pula*  Duration  Envelop*  Limitation*  for  Friction  Brake* 
Including  Weight  of  Brake*  and  T**t  Vehicle 
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For  any  significant  time  duration,  the  g  loads  are  limited  to  low  values  and  are 
not  as  applicable  as  one  might  expect.  The  two  curves  represent  the  limits  that 
may  be  obtained  based  on  the  extreme  brake  spring  settings.  Higher  deceleration 
loads  may  be  obtained  by  decreasing  the  Initial  brake  speed,  but  the  time  durations 
decrease  rapidly  with  Increased  g  load  as  depicted  from  the  curves.  Increasing 
the  number  of  brake  un'ts  for  higher  g's  Is  not  feasible  because  of  the  resulting 
decrease  In  time  duration. 

As  noted  from  the  curves,  an  average  constant  g  load  occurs  immediately  after 
braking  for  a  limited  time  Interval  and  then  Increases  rapidly.  This  maximum  g 
load  occurs  at  the  Instant  the  vehicle  stops  and  Is  die  limiting  factor  In  die  design 
of  the  test  vehicle.  It  Is  possible  to  obtain  constant  g  for  longer  time  durations  by 
varying  the  thickness  of  die  lining  bonded  to  the  6ulde  track  flange.  Halting  the 
vehicle  can  be  accomplished  by  die  brakes  at  the  location  on  the  track  that  Is  out¬ 
side  the  test  area.  This  alternative  of  utilizing  friction  brakes  requires  reworking 
the  brake  lining  already  bonded  to  the  guide  rail.  A  thorough  Investigation  of  the 
effects  of  heat  on  the  non-prismatlc  brake  lining  Is  also  required. 

Limitations  of  the  pulse  duration  envelope  are  considered  to  be  over  the  Initial 
g  load,  that  Is,  relatively  constant.  As  can  be  seen  from  the  curves,  the  pulse  time 
duration  that  Is  delineated  for  an  equivalent  square  pulse  shape  Is  for  short  time 
Intervals. 

Another  test  conducted  and  documented  (reference  Id)  by  All  American  Engineer¬ 
ing  Company  delineates  for  a  specified  type  brake  lining  a  friction-velocity  curve 
of  higher  friction  coefficient  than  the  curve  shown  In  Figures  96  and  97.  This 
curve  has  a  small  negative  slope,  and  the  test  data  is  recorded  for  a  maximum 
velocity  of  50  feet  per  second.  Because  of  the  lack  of  test  data  at  higher  speeds, 
this  limitation  must  be  adhered  to.  The  maximum  square  acceleration  pulse  is 
calculated  as  follows,  assuming  a  flat  friction-velocity  curve: 


Maximum  acceleration  (n): 


W 


where 

u  *  0.21  as  depicted  from  reference  1  d 

Fn  -•  500,000  pounds  (8  brake  units) 

W  =  16,800  pounds  (weight  of  vehicle  and  brakes) 
M  (.21)  (500,000) 

16,800 

n  =  6.25  g’s 
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Maximum  pulse  time  duration  (T  ): 

r  max 


V 

o 


-AT 


max 


A 


M 


T 

max 


MV 

o 


where  2 

16,800  pounds  (second) 

M  *  -  =  522  - 

32.2  feet 


V 

o  =  impact  velocity  of  50  feet  per  second 
(522)  (50) 

T  =  - 

max 

(.21)  (500,000) 


Tmax  =  0,25  second 


The  maximum  pulse  duration  envelope  is  then  6.25  g's  at  0.25  second. 


ITEMIZED  COST  ESTIMATE  OF  PROPOSED  TEST  FACILITY 
GFE  Equipment 


The  following  items  are  considered  to  be  Government-furnished  equipment: 

1.  Instrumentation  equipment  -  Borg-Warner  magnetic  tape  recorder. 

2.  Dead  load  dolly  -  D.L.  100,  owned  by  U.S.  Navy:  designed  and  built  by  AAE. 

3.  Aircraft  floor  tie-down  fittings. 
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Figure  98.  Dead  Load  Assembly  Proposal 
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Cost  Estimate 


An  analysis  of  the  Items  that  make  up  the  cost  array  Is  as  follows: 

1.  Preparation  for  Test: 

a.  Impact  Ban  ier  Preparation.  Design  and  build  a  structural  barrier  for 
Installation  of  shock  struts  capable  of  sustaining  required  Impact  forces. 

b.  Test  Vehicle  Preparation.  Design  and  build  structural  members  to 
improve  an  existing  dolly  so  that  a  plywood  floor  and  tie-down  fittings  can  be  In¬ 
stalled  under  the  expected  tie-down  loads.  The  proposed  dead  load  assembly 
(Figure  98),  as  shown  with  the  elimination  of  items  14,  15,  16,  and  17,  Is  adaptable 
to  the  proposed  model  momentum  test  method.  Items  1  through  17  are  required 
when  utilizing  arrestment-type  test  methods. 

c.  Instrumentation  Preparation.  Prepare  Instrumentation  on  the  test  dolly 
to  Include: 

(1)  Two  channels  of  acceleration 

(2)  Two  channels  of  strain. 

(3)  Three  channels  of  position  (reTative  motion  of  cargo  and  restraining 

device.) 

(4)  One  camera  fixed  on  runway  to  observe  the  cargo  during  load  appli¬ 
cation. 


d.  Fabrication  of  Test  Restraints.  Build  two  load  limiter  tie-down  as¬ 
semblies  for  two  consecutive  test  runs,  and  for  the  remainder  of  test,  rebuild 
the  load  limiters  by  salvaging  the  parts  not  destroyed. 

e.  Test  Plan.  Write  a  test  plan  for  a  series  of  dynamic  tests  to  conform 
to  the  formulated  design  criteria  and  the  selected  restraint  concept. 

2.  Conduction  of  Test: 


a.  Test  Operation  Mechanics.  The  test  will  be  conducted  with  one  run 
below  and  one  above  the  design  g  and  two  runs  at  the  design  g.  The  total  number 
of  test  runs  will  be  five,  which  Includes  one  preliminary  shot.  The  crew  required 
consists  of  two  people  for  the  test  equipment  and  one  test  engineer. 

b.  Instrumentation  and  Photographs.  Development  of  the  Instrumentation 
channels  Is  to  be  completed  after  each  test  run.  The  photographs  are  to  Include: 

(1)  Motion  ploture  film  to  cover  fabrication  and  engineering  tests  of  the 
project  to  provide  an  overall  pictorial  record  of  the  operations. 

(2)  Color  shots  covering  the  overall  project. 

(3)  Still  photographs  of  the  cargo  area  before  and  after  arrestment. 

o.  Data  Reduction  and  Chart  Curves.  After  each  run,  data  pertinent  to 
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continuation  of  the  test  runs  will  be  reduced.  Reduction  of  all  data  will  be  pre¬ 
sented  In  the  form  of  tables,  graphs,  and  charts.  The  basic  data  will  be  force- 
time  history,  cargo  and  vehicle  accelerations,  restraint  device  tensions,  and 
position  of  cargo  relative  to  vehicle. 

3.  Documentation: 


a.  Draft  Test  Report.  At  the  completion  of  the  tests,  a  draft  report  will 
include  a  verbal  and  graphic  description  of  all  tests  conductod,  Including  a  de¬ 
scription  of  test  apparatus  involved,  test  procedures,  and  results  of  the  test. 

b.  Revised  Test  Report.  Upon  approval  of  the  draft  by  the  Contracting 
Officer,  a  final  test  report  will  be  furnished. 

The  cost  sheets  (page  167)  depict  the  itemized  estimate  of  each  phase  outlined 
above.  The  total  estimated  cost  Including  G  and  A  is  $16,450.29. 

It  is  also  estimated  that  nine  ard  one-half  weeks  Is  the  total  required  time  to 
complete  all  phases.  This  Includes  two  weeks  for  customer  approval  of  the  draft 
report. 

ANALYSIS 


The  following  steps  must  be  realized 
cargo  restraint  system: 


(a)  The  pulse  duration  envelope 
criterion  Is  defined  by  a  triangular 
pulse  curve  of  25  g’s  and  0.25  second. 


(b)  With  Item  (a)  established,  the 
characteristics  of  the  restraint  sys¬ 
tem  are  then  designed  when  a  real¬ 
istic  restraint  system  Is  designed. 
The  characteristics  of  the  restraint 
system  are  related  to  the  energy 
performance  of  the  design  restraint. 


(c)  Knowing  the  restraint  char¬ 
acteristics,  an  equivalent  square 
pulse  curve  can  then  be  established. 


In  formulating  a  model  dynamic  test  of  a 


Time 
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(d)  From  &  dimensionless  analysis,  the  soaled  factors  of  pertinent  parameters 
from  prototype  to  model  are  established. 

(c)  Finally,  a  model  dynamic  test  environment  for  the  restraint  system  would 
then  be  established  utilizing  the  above  information. 

The  accuracy  of  the  test  is  dependent  on  the  load  developed  in  the  restraints 
versus  the  test  vehlole  inertia  foroe  during  deceleration.  This  is  due  to  the  fact 
that  the  Impact  force  equals  the  sum  of  the  vehicle' s  inertia  foroe  and  the  re¬ 
straint  load.  The  smaller  the  restraint  lead  is  in  relation  to  the  vehicle's  inertia 
force,  the  more  accurate  the  test  results.  TableXIV  shows  the  accuracy  attain  1 
in  utilizing  a  model  (designed)  load  limiter  tie-down  assembly,  with  intensity  of 
14,000  pounds,  to  test  with  a  model  cargo  weight  of  100  pounds.  Also  included  in 
the  table  are  the  prototype  load  limiter  tie-down  assemblies  of  5,000-  and  10,000- 
pound  capacities  utilized  with  model  cargo  weights  of  360  and  715  pounds  respec¬ 
tively.  All  other  pertinent  model  parameters  are  the  same  for  these  three  cases 
and  can  be  found  in  the  table. 

From  the  cost  analysis  (Figure  99),  the  fabrication  of  the  model  restraint  system 
cost  $2,432  (including  General  and  Administration).  By  utilizing  the  fabricated 
prototype  restraints  as  Government  furnished  equipment  (GFE),  this  amount  may 
be  realized  as  a  savings.  However,  the  accuracy  of  the  optimi  m  test  results  util¬ 
izing  GFE  is  decreased  by  about  7  and  13  percent,  whereby  the  model  tie-down 
assembly  is  contained  within  2  percent.  See  Table  XIV. 

In  order  to  realize  the  same  test  accuracy  with  the  prototype  restraints,  vehicle 
weights  of  17,650  and  35,300  pounds,  as  depicted  in  Table  XIV,  are  required.  This 
requirement  would  result  in  an  Increase  in  the  Impact  force;  therefore,  a  more 
sophisticated  test  decelerator  is  required.  The  cost  savings  of  $2,432  is  about 
14.6  percent  of  the  total  estimated  cost  of  testing  the  restraint  system  ($1,645, 
including  General  and  Administration).  Therefore,  this  savings  is  offset  by  the 
need  for  a  heavier  vehicle  and  cargo  mass,  a  greater  potential  barrier  capable 
of  sustaining  a  high  impact  foroe,  and  a  degradation  in  the  accuracy  of  the  test 
results.  Therefore,  it  is  concluded  that  little  savings,  if  any,  will  be  realized 
if  the  prototype  Instead  of  the  model  restraints  is  used  for  the  model  dynamic 
testing  of  the  restraint  system. 
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Figure  99.  AAE  Cost  Analysis  (sheet  1  of  4) 
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Figure  99.  AAE  Cost  Analysis  (sheet  3  of  4) 
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APPENDIX  V 


ITEMIZED  COST  ESTIMATE 
OF 

SELF-STORING,  WIRE-BENDING  ENERGY  ABSORBERS 


ITEM 


DESCRIPTION  COST  PER  ITEM 


10066007 

Tongue  Plate  Bottom 

10066008 

Tongue 

10066009 

Tongue  Plate  Top 

100660011 

Guide 

100660012 

Platen 

100660013 

Wire 

100660014 

Filler  K 

100660015 

Hook  Assembly  5 

100660018 

Shield 

10066005 

Assembly 

Cover 

Profit  10% 


1.09* 

1.79* 

1.09* 

.77 

9.00 

.10 

.71 

6.05 

.60 

5.60 

5.00 


31.80 

3.20 


$35.00 


The  coat  of  each  energy  absorber  la  baaed  on  2,000  production  units. 


♦The  cost  of  these  Items  Is  based  on  6061-T6  aluminum  shaped  bar  extrusions. 
The  prototype  units  were  delivered  with  2024-T4  machined  parts. 
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